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The aim of this report was to estimate impacts of cadmium in phosphorus fertilizers on a cadmium
content and cadmium balance of the cultivated soil, and to assess related human health and environ-
mental risks under Finnish conditions.
The assessment was performed by applying, as appropriate, the EU principles on risk assessment of
New and Existing Substances, and the guidance document prepared by Environmental Resources
Management Limited for the risk assessment of cadmium in fertilizers. The work was carried out on
the basis of the available literature and other information relating to the occurrence of cadmium in
the environment in Finland, harmful environmental influences of cadmium, as well as its adverse
health effects.
Based on the cadmium mass balances hundred-year scenarios were calculated at three different cad-
mium levels in P-fertilizers: 1) the present Finnish average cadmium level in fertilizers (i.e. 2.5 mg
Cd/kg P), 2) the cadmium level corresponding to the national limit (i.e. 50 mg Cd/kg P), and 3) the
cadmium level corresponding to an average European value (138 mg Cd/kg P).
At present, cadmium concentrations in the Finnish cultivated soils pose a risk to soil organisms.
Also, the leaching of cadmium from the arable land is causing a risk to the aquatic environment.
However, if the use of the low cadmium P-fertilizers will be continued in Finland, it will result in a
balance between cadmium inputs and outputs or even in a gradual decrease in the cadmium concen-
trations of soil, crops and leachates. The use of P-fertilizers containing cadmium at a level of the
Finnish national limit value and, especially at a level of the average European content, would in-
crease the risk to the environment.
At present, a part of the elderly population in Finland is at risk from adverse health effects caused by
cadmium. These risk groups consist of people whose dietary intake of cadmium has increased by us-
ing much of kidneys, liver, mushrooms, or molluscs in their diet, people whose gastrointestinal ab-
sorption of cadmium has increased because of deficiency of iron and heavy smokers. In these risk
groups, the estimated urinary level of cadmium can be associated with high risk of kidney dysfunc-
tion and bone effects. An increase in the cadmium content of  P-fertilizers would increase the size of
the risk groups considerably.
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4The aim of this report is to estimate the impact of
cadmium in fertilizers on cadmium content and
cadmium balance in cultivated soil, and to assess
the related human health and environmental risks
under Finnish conditions.
The assessment has been performed by apply-
ing, as appropriate, the adopted EU principles on
risk assessment of New and Existing Substances,
and the guidance document prepared for this pur-
pose by Environmental Resources Management
Limited (ERM). The work has been carried out
on the basis of available literature and other in-
formation relating to the occurrence of cadmium
in the environment in Finland, the environmental
hazards of cadmium, as well as its adverse health
effects.
The report updates and supplements the corre-
sponding Finnish report which was published in
1997 (Cadmium in Fertilizers; Risks to Human
Health and the Environment, Publications of the
Ministry of Agriculture and Forestry 9/1997).
The work has been commissioned by the Finn-
ish Ministry of Agriculture and Forestry. Persons
and institutions in charge include:
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ment Institute: Project coordination, environmen-
tal risks, Senior Advisers Jaana Pasanen & Virpi
Virtanen, Finnish Environment Institute: Environ-
mental risks, Dr. Kimmo Louekari, Finnish Occu-
pational Health Institute: Risks for human health,
Senior Scientist Ritva Mäkelä-Kurtto, Agricultur-
al Research Centre of Finland: Cadmium in agro-
ecosystem and in accumulation module, Profes-
sor, Dr. Jouko Sippola, Agricultural Research Cen-
tre of Finland: Model calculations in cadmium
accumulation module.
Study manager was Division Manager Esa
Nikunen from Finnish Environment Institute.
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5The aim of this report is to estimate the impact of
cadmium in fertilizers on cadmium accumulation
in cultivated soils and plants and cadmium leach-
ing in waters from the soil, and to assess the relat-
ed human health and environmental risks under
Finnish conditions.
The assessment has been performed by apply-
ing, as appropriate, the adopted EU principles on
risk assessment of New and Existing Substances,
and the guidance document prepared for this pur-
pose by Environmental Resources Management
(ERM). The work has been carried out on the ba-
sis of available literature and other information
relating to the occurrence of cadmium in the envi-
ronment in Finland, the environmental hazards of
cadmium, as well as its adverse health effects.
In the assessment, special emphasis has been
put on vulnerable environments and risk groups
in human populations, representing realistic worst
case situations.
Cadmium in fertilizers and in cultivated soils
The main anthropogenic sources of Cd in culti-
vated soils are phosphorus-fertilizers, atmospher-
ic deposition, animal manures, and to a smaller
extent liming agents, sewage sludge and biowaste.
In Europe, fertilizers have given significant, al-
though highly variable inputs from 0.03 to 38 g/
ha/year to cultivated soils.
The average cadmium content in European fer-
tilizers is 138 mg/kg phosphorus. Presently, the P-
fertilizers used in Finland are manufactured from
phosphate rock of igneous origin, and have a cad-
mium concentration from 1 to 5 mg/kg P. Due to
this low Cd level, fertilizers only contribute about
4% to the total Cd input to Finnish cultivated soils.
The mean total cadmium content in Finnish
cultivated soils is 0.21 mg/kg, which is the same
level as in Sweden and Denmark. The average to-
tal Cd content of cultivated soils in Europe is 0.5
mg/kg. There are distinct regional differences in
the soil Cd level in Finland. Cultivated soils in
Southern Finland contain nearly twice as much
cadmium as the soils in Northern Finland, which
can be attributed to intensive agriculture, larger
atmospheric fallout, and to differences in soil types.
The mean AAAc-EDTA extractable Cd concen-
trations in the five Finnish cultivation zones in 1987
vary from 0.127 in the south to 0.049 mg/kg in
the north.
Cadmium is relatively soluble or easily solubi-
lizable in soil, with the pH being the principal fac-
tor determining the degree of solubility. Other fac-
tors leading to increased solubility include for ex-
ample low organic matter content, low clay con-
tent and low cation exchange capacity. Cadmium
from fertilizers seems to be more soluble in the
soil than Cd from deposition, manure, or Cd from
soil parent material. In general, cadmium is ex-
tremely easily taken up by plants as compared to
many other trace elements.
Trends of cadmium accumulation in soil and crops
Hundred-year scenarios based on cadmium mass
balances were calculated at three different cadmium
levels in P-fertilizers: i) present Finnish average Cd
level in fertilizers (i.e. 2,5 mg Cd/kg P), ii) Cd level
corresponding to the national limit (i.e. 50 mg Cd/
kg P), and iii) Cd level corresponding to average
European values (138 mg Cd/kg P).
The average EU scenario would lead to radical
increase in concentrations of cadmium in soil and
crops, and in cadmium leaching. The highest im-
pacts would be 125 % increase in total soil Cd
concentrations in potato fields, 34% increase in
the concentrations of wheat grains, and 123% in-
crease in cadmium leaching. Also increase in the
Cd content of fertilizers up to the present national
limit value would lead to significant increases in
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6soil and crop concentrations, and to Cd leaching.
The corresponding figures would be 43%, 12%
and 42%, respectively.
Figures estimated in this report can be com-
pared with the observed trend found in Finland in
a period of 13 years (1974-1987). The measured
concentrations of AAAc-EDTA extractable Cd in
cultivated soils increased by 30% during that pe-
riod. The increase was mainly due to exceptional
use of Cd-rich fertilizers (corresponding average
EU levels) between 1975-1981, and, to a lesser
extent, to atmospheric fallout.
Environmental aspects
The toxicity of cadmium to terrestrial organisms
shows a variable pattern. Plants grown in soil are
generally considered insensitive to the effects of
cadmium, although some exceptions do exist.
Cadmium exhibits moderate or low toxicity to
avian species in subacute exposure. Microorgan-
isms and terrestrial invertebrates show moderate
or high sensitivity to cadmium.
The predicted no-effect concentration (PNEC)
was derived with the assessment factor method.
Statistical method for PNEC derivation was not
used, as there is a considerable amount of issues
under discussion within EU in relation to its use.
A PNEC of 0.06 mg/kg (total Cd) for agricultural
soil was derived. Also an indicative PNEC based
on soil pore water concentration was established
which, however, is associated with considerable
uncertainty.
Cadmium is toxic or very toxic to a variety of
aquatic organisms both in short-term and in long-
term exposure. Invertebrates are usually considered
as the most sensitive group. Cadmium is more toxic
to aquatic species at low pH, low salinity, and in soft
water, due to increased bioavailability. A soft water
PNEC of 0.0085 µg/l was derived, also in this case
with the assessment factor method.
In risk characterization for metals in the soil
the PEC and the PNEC should represent the same
level of availability. Due to the uncertainties in
determining the soil pore water concentrations the
results based on them  are not preferred. Instead,
the most reliable comparison of exposure and no-
effect levels in this study can be performed using
total Cd-concentrations for effect studies, which
usually apply soluble Cd-compounds, and extract-
able (AAAc-EDTA) concentrations for soil con-
centrations. In general, 40% of the total soil cad-
mium is in extractable form in Finnish soils.
Based on the available data the current Cd con-
centrations in Finnish agricultural soils present a
risk for the soil environment. This conclusion can
be reached both by using mean extractable Cd
concentrations and 90 percentile values in the five
Finnish cultivation zones for the year 1987. Only
in the most northern zone the PEC/PNEC ratio
using the mean concentration is below 1. Risk ra-
tios for the different cultivation zones vary from
1.2 to 2.8.
The increasing soil concentrations based on
trend calculations, as described above, would lead
to greater risks, accordingly. Risk ratios with the
average EU Cd level in fertilizers would increase
from 40 to 130 per cent. The highest risk ratio
(3.2) after 100 years would be found on potato
fields.
There are two remarkable differences in the soil
characteristics between Finland and most other EU
Member States affecting the cadmium content and
solubility. They are soil pH and soil organic mat-
ter. The mean pH of Finnish cultivated soils is only
5.8, in spite of intensive liming. Mostly, the pH
values of cultivated soils in the European coun-
tries are around 7. The other important difference
is the high organic matter content of Finnish soils,
due to the slow decomposition rate of organic
matter as a result of the cold and humid climate.
The mean organic carbon content of cultivated
soils in Finland is 9% and consequently a mean
organic matter content 15%. Typical soil organic
matter contents in other European countries vary
between 1% and 4%  These two factors mean that
Finnish soils are capable to accumulate large
amounts of cadmium in a soluble or easily solubi-
7lizable form, and thus can be generally regarded
as vulnerable environments.
The exposure of aquatic environment to cad-
mium leaching from agricultural soils was assessed
based on soil solution concentrations, and by tak-
ing into account dilution and background concen-
trations in Finnish waters.
Risk characterization reveals that there is risk
for aquatic environment for all calculated scenar-
ios, both at present time and in the future. In prac-
tise this means that no margin of safety can be
established, and any increase to the natural back-
ground concentrations is likely to present a risk
for the aquatic environment.
The bioavailability, and consequently toxicity,
of cadmium in Finnish surface waters is increased
by some specific features of the Finnish environ-
ment. Firstly, the pH value of Finnish lakes is gen-
erally low (median pH 6.6, pH < five in 10% of
lakes). Secondly, the organic matter content is high,
and thirdly, Finnish waters are very soft (mean
hardness < 10 mg CaCO3). Hence, also the Finn-
ish aquatic environment is particularly vulnerable
for adverse effects caused by cadmium.
Human health aspects
Diet is the main source of human exposure to cad-
mium. Cereals, vegetables and potatoes cause most
of the average dietary intakes of cadmium in Fin-
land (10 µg/day). In some sub-populations, which
prefer certain types of food such as liver, kidney,
mushrooms, and molluscs in their diet or which have
a high caloric intake, a long-term dietary intake of
cadmium is 20-30 µg/day in Finland. This corresponds
a urinary cadmium level of about 0.8-1.2 µg/l in the
middle-aged and elderly population.
Normally, only 5% of the cadmium in food is
absorbed in the gastrointestinal tract. However,
studies on humans and experimental animals show
that a deficiency of iron, calcium or protein sig-
nificantly increases (up to 10%) the rate of ab-
sorption. The most relevant nutritional deficiency
in Finland, is a low iron status, which is not un-
common in women.
Heavy smoking remarkably increases the body
burden of cadmium, because a significant propor-
tion of the cadmium in tobacco smoke is absorbed
from lungs. Body burden and urinary cadmium of
heavy smokers is two- or threefold as compared
with nonsmoker. Drinking water and certain con-
sumer goods (e.g. utensils, decorated pots) may
occasionally increase the total cadmium-exposure.
The three main factors of total cadmium expo-
sure: high dietary intake of cadmium, increased
absorption and smoking are considered in the risk
assessment. The corresponding urinary levels of
cadmium and the critical urinary levels that are
associated with health effects are compared. It is
concluded that for high exposure groups (i.e. in
worst cases), the urinary Cd level is about 2-3 µg/l.
This is also the level of urinary excretion of cad-
mium associated with high risk of cadmium-in-
duced kidney dysfunction and bone effects, which
are due to the increased excretion of cadmium. In
some populations, 10% of those having an ele-
vated Cd level in urine suffer from cadmium-in-
duced health effects. There are studies, which in-
dicate that the critical U-Cd level in respect to in-
creased calcium excretion may be lower.
Based on the present risk assessment, a part of
the elderly population in Finland is at risk of ad-
verse health effects caused by cadmium. It is esti-
mated that about one thousand individuals are at
risk. Use of phosphate fertilisers, which contain
138 mg Cd/mg of P (the average level in Europe),
would increase the dietary intake of cadmium from
9.5 to 13 µg/day in hundred years, (based on al-
gorithms recommended by ERM).  Due to distri-
bution of cadmium exposure in the Finnish popu-
lation, this causes that the size of the risk groups
would be several times greater, approximately
5 000 -10 000. These results are not based on ep-
idemiological studies in Finland. However, con-
sideration of population studies made elsewhere
and estimated on the urinary cadmium levels in
8Finland justifies, with reasonable certainty, the con-
clusions presented in this risk assessment.
In Finland, there is no margin of safety for the
risk group (worst cases) between the estimated
urinary levels and the critical levels that have been
associated with adverse health effects caused by
cadmium. Therefore, any additional human ex-
posure to cadmium is  considered unacceptable
and should be avoided. While the atmospheric fall-
out of cadmium as well as the industrial uses of
cadmium are decreasing, phosphate fertilisers are
the only source of human exposure to cadmium,
which will increase, in case that Cd accumulates
in cultivated soils.
 As compared to many other risk assessments,
the present assessment is based on extensive hu-
man and epidemiological data and not only on
toxicological experiments with animals. Therefore,
the results can be considered to be very relevant in
terms of human populations.
Overall conclusions
At present, cadmium concentrations in Finnish
agricultural soil pose a risk for soil organisms.
Also, the leaching of cadmium from the agricul-
tural soil is causing a risk for the aquatic environ-
ment. However, if the current situation with low
cadmium content in fertilizers continues,  cadmi-
um concentrations in soil, crops and leachates will
gradually decrease in potato and sugar beet culti-
vation. In wheat cultivation,  cadmium inputs and
outputs will stay in balance. If phosphorus ferti-
lizers with average cadmium content in the EU
(138 mg Cd/kg P) were to be used in Finland, the
cadmium balance in agricultural soils would be
radically disturbed, according to model calcula-
tions. Over 100 years, cadmium concentrations
in soil on potato fields would increase by 125%,
wheat grain concentrations  by 34%, and an in-
crease of 123% in cadmium leaching from potato
fields would take place. These figures can be com-
pared with the observed trend in Finland between
1974 and 1987. During that 13-year period the
measured extractable cadmium concentration in
the Finnish cultivated soils increased by 30%. This
was mainly caused by exceptional use of fertiliz-
ers with high cadmium content, corresponding the
average EU fertilizers. Both soil and aquatic envi-
ronments in Finland are particularly vulnerable to
adverse effects caused by cadmium.
There is a risk of adverse health effects as a
result of the present total cadmium exposure in
the Finnish population. While the average cadmi-
um intake from food alone does not pose a risk in
Finland, certain parts of the population are at risk
because of high dietary intake, increased absorp-
tion and/or smoking. For these high exposure
groups the estimated urinary level of cadmium can
be associated with high risk of kidney dysfunc-
tion and bone effects.  If phosphorus fertilizers
containing average EU level of cadmium were to
be used in Finland the dietary intake of cadmium
would increase by more than 40% over 100 years,
based on model calculations. Due to the shape of
statistical distribution of the dietary cadmium ex-
posure in the Finnish population this increase
would lead to a much higher increase in the size
of the risk groups.
The present assessment is a combination of
measured and estimated data, epidemiological in-
formation and results based on experimental stud-
ies. It is noteworthy that compared to most chem-
icals the number of epidemiological and other
human studies, which form a consistent basis of
this assessment, is large. Despite the uncertainties
associated with the estimations, the assessment is
deemed to provide a sufficient basis for the con-
clusions drawn above.
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ABBREVIATIONS AND DEFINITIONS
AA Aminoacids
AAAc Acid ammonium acetate
AAAc-EDTA Acid ammonium acetate-ethylenediaminetetracetic acid
AAP Alanine aminopeptidase
Acute toxicity The adverse effect occurring within a short time following the administration of
a single dose or multiple doses given within this short time period
Adsorption The adhesion of molecules to the surfaces of solids
Alkalinity The acid-neutralizing (i.e. proton-accepting) capacity of water; the quality and
quantity of constituents in water which shift the pH towards the alkaline side of
neutrality
AR Aqua regia
BCF Bioconcentration factor: the ratio of the test substance concentration in the test
organism (e.g. fish, plant) to the concentration in a medium (e.g. water, soil) at
steady-state conditions.
Bioaccumulation The net result of the uptake, distribution, and elimination of a substance due to
all routes of exposure, i.e. exposure to air, water, soil/sediment and food
Bioconcentration The net result of the uptake, distribution and elimination of a substance due to
water-borne exposure
Biomagnification The accumulation and transfer of chemicals via the food web (e.g. algae-inverte-
brate-fish-mammal) due to ingestion, resulting in an increase of the internal con-
centration in organisms at the succeeding trophic levels
Cadmibel A large epidemiological study on health effects of cadmium on the general popu-
lation in Belgium, reported in various journals in 1990-1996
Chronic toxicity Extended or long-term exposure to a stressor. Long-term effects related to the
changes e.g. in metabolism, growth, reproduction, or ability to survive. Exposure
concentrations are usually low
DOC Dissolved organic carbon
d.w. Dry weight
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EC50 Median effective concentration: 1. the concentration resulting in a 50% change
in a parameter (e.g. algal growth) relative to the control, 2. the concentration at
which a particular effect (e.g. daphnia immobilization) is observed in 50% of the
organism population relative to the control
f.w. Fresh weight
GM Geometric mean
GSD Geometric standard deviation
IARU International Agency for Research of Cancer
LC50 Median lethal concentration: a statistically derived concentration that can be
expected to cause death in 50% of animals exposed for a specified time
LOEC(L) Lowest observed effect concentration (level). The lowest concentration of a ma-
terial used in a toxicity test that has a statistically significant adverse effect on the
exposed population of a test organism compared with the control
NAG N-acetyl-b-glucosamidase
NHANES II U.S. National Health and Nutritional Examination Survey II
NOAEL No observed adverse effect level
NOEC No observed effect concentration. The highest concentration of a test substance
to which organisms are exposed that does not cause any observed and statistical-
ly significant adverse effects on the organism compared with the control
PEC Predicted environmental concentration: the expected concentration in an envi-
ronmental compartment. The PEC can be based on either measured or calculated
data
PNEC Predicted no effect concentration: environmental concentration which is regard-
ed as a level below which the balance of probability is that an unacceptable effect
will not occur
PTWI Provisional tolerable weekly intake
RBT Retinol binding protein
Safety factor A factor applied to an observed or estimated toxic concentration or dose to ar-
rive at a criterion or standard that is considered safe. Safety factor, assessment
factor and uncertainty factor (UF) are often used synonymously.
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1 GENERAL SUBSTANCE INFORMATION
Identification of the substance
CAS No.: 7440-43-9
RTECS: EU 98000
EINECS-No. 231-152-8
Symbol: Cd
Atom mass: 112.41
Cadmium is a soft silverish white metal that
does not occur unadulterated in nature. In the
environment Cd occurs as a free hydrated ion and
also complete with inorganic ligands (forming e.g.
chloride, carbolated, sulphide and hydroxide-com-
plexes). Humic-, fulvine-amino- and nucleinic acid
function as organic ligands (Ros and Slooff 1988).
Physico-chemical properties
Melting point: 321 oC
Boiling point: 765 oC at 1 bar
Density: 8.64 g/cm3 at 20 oC
Standard electrode potential: -0.402 V
(Cd2+ + 2e- -> Cd)
Water solubility: insoluble
Metallic cadmium is essentially insoluble in
water; however, several cadmium compounds are
freely soluble {such as cadmium chloride (CdCl2),
cadmium bromide (CdBr2), cadmium iodide
(CdI2), cadmium nitrate [Cd(NO3)2], and cadmi-
um sulphate (CdSO4)} (Weast 1986, Budavari et
al. 1989). The water-insoluble compounds of cad-
mium, such as cadmium oxide (CdO), cadmium
sulphide (CdS), cadmium carbonate (CdCO3),
cadmium ortho-phosphate [Cd3(PO4)2], and cad-
mium fluoride (CdF2) (Weast 1986) may solubi-
lize under strong oxidizing or acidic conditions
(WHO 1992).
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2.1 Sources of cadmium in agricultural soil
Sources of Cd in the soils are both natural and
anthropogenic. One of the most important natu-
ral sources of Cd is eruptions of volcanoes (Nor-
dic Council of  Ministers 1992). In general, the
main anthropogenic sources of Cd to the culti-
vated soils are fertilizers, atmospheric deposition,
animal manures and to smaller extent liming
agents, sewage sludges and other wastes (table1).
2.1.1 Atmospheric deposition
Scandinavian moss monitoring  (Nordic Council
of Ministers 1992) indicates that Cd deposition
has clearly decreased in the Nordic countries
during the years 1969-1985. During the period
of 1990-97, the annual atmospheric emissions of
cadmium in Finland decreased by 85%, from 6.3
to 1.1 tonnes (Melanen et al. 1999).
According to air quality measurements made
during 1997-99 in eight background stations in Fin-
land (Finnish Meteorological Institute 1997, 1998,
1999) annual bulk deposition of cadmium was the
highest in southern Finland, 0.3 g/ha, and decreased
gradually to the north being in central Finland 0.2
and in northern Finland 0.1 g/ha (Table 2).
2 GENERAL INFORMATION ON EXPOSURE
Table 1. Mean Cd inputs from various sources
in Finnish agricultural soil at the national level.
2.1.2 Fertilizers
Since 1995, the Finnish agro-environmental pro-
gramme according to the Council regulation
(2078/92) has limited the use of P-fertilizers. In
the fertilizer year 98/99, the use of P-fertilizers
was 11,0 kg (Table 3) and in the fertilizer year
99/00 about 10.4-10.5 kg P/ha (Hero 2000). Dur-
ing the whole 1990’s, the Cd concentration of the
P-fertilizers on Finnish markets has varied from
1 to 5 mg/kg P (Syvälahti 1996, Hero 2000). To-
day, the annual Cd load from the P-fertilizers per
hectare is 0.025 g (= 10 kg x 2.5 mg).
2.1.3 Liming agents
In 1999, a total sale of various liming agents was
1.266 million tonnes (Table 3) of which 85-90 %
was the lime (Kalkitusyhdistys 2000) and the rest
were the slags of steel industry and the wastes of
sugar industry. In the same year, an area in pro-
duction was 2.000 million ha. Thus, the mean use
of different liming agents was 633 kg per hec-
tare. According to the unpublished data material
of the Agricultural Research Centre of Finland,
the Institute of Soils and Environment, lime con-
tains Cd 0.056 mg/kg. Thus, the annual Cd load
from liming agents is approximately 0.035 g/ha
(=0.056 mg x 633 kg/ha). According to the deci-
sion of Ministry of Agriculture and Forestry, Nr
46/1994, the maximum Cd concentration in lim-
ing agents is 3 mg/kg f.w.
2.1.4 Animal manures
In 1997, the amount of manure generated in Fin-
land was calculated on the basis of the numbers
of various farm animal species (Siika-aho 2000).
The manure amounts were the following: cattle
18 000 000, pigs 2 830 000, sheep and geese
123 000, horses 190 000, poultry 223 000 and
fur animals 96 000 (f.w.) tons, ie. all together
21 462 000 tons containing from 10 to 20% of
dry matter (d.m.). As a dry matter the manure
amount is  3 219 300 tons. A mean concentration
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Table 2. Annual bulk depositions of cadmium in eight Finnish background stations measured by
Finnish Meteorological Institute during 1997-99.
Table 3. Use of fertilizers and lime in 1990’s in Finland.
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of Cd in manures of various animal species is 0.2
mg/kg d.m. (Mäkelä-Kurtto and Kemppainen
1993). Thus, the Cd load from manure to the
whole area in production (2 000 000 ha) is 0.644
tons and to one field hectare 0.322 g/a, on the
average. However, in practice the manure has
not been spread evenly to all cultivated fields. A
portion of manure from the total annual Cd load
to the cultivated fields is 45.6%.
One of the main reasons contributing to the
Cd content of animal manures are feeds which
may contain Cd as impurity. In feeds, the maxi-
mum acceptable Cd content in Finland is 10 mg/
kg feed (the Decision of the Ministry of Agricul-
ture and Forestry, Nr 184/1994). For other feeds,
feed mixtures or concentrates, the Cd limit val-
ues vary from 0.5 to 5.0 mg/kg feed (containing
12% water). In many countries, there is no limit
value for Cd in animal feeds at all, although farm-
yard manure may give a significant Cd input sim-
ilar to or higher than some of the fertilizers
(Jensen and Bro-Rasmussen 1990).
2.1.5 Sewage sludge and other organic wastes
Municipal sewage plants produce annually about
1 million tons (f.w.) of sewage sludge which is
about 150 000 tons as dry matter. The concen-
tration of Cd has remarkably decreased during
the 1970s and 1980s in Finland. In 1992, the me-
dian of Cd concentration of sewage sludges was
0.83 mg/kg d.w. (and the mean 1.78 mg/kg d.w.)
(Levinen 1994). The highest concentration of Cd
acceptable in sewage sludges to be used in agri-
culture is 3 mg/kg d.w. (Council of State decision
Nr 282/1994). A maximum annual Cd load to the
cultivated soils is 3 g/ha. Today, about 60% of
the total amount of municipal sewage sludges is
recycled and about one third, i.e. 50 000 tons of
dry matter, is used in agriculture. Consequently, a
mean annual Cd load from sewage sludges based
on the median concentration is 0.042 tons to the
whole fertilized area and 0.023 g to one hectare.
The highest acceptable concentration of Cd
in the cultivated soils for application of sewage
sludge is 0.5 mg/kg d.w. (Council of State deci-
sion Nr 282/1994). As with manure, sewage
sludge is not evenly spread to agricultural fields.
Recycling of sewage sludges is planned to be high-
er up to 70% by the year 2005 (Ministry of Envi-
ronment 1995).
A mean Cd concentration of the composted
biowaste is 0.57 mg/kg d.w. (Mäkelä-Kurtto and
Sippola 1995). A maximum allowable Cd con-
centration in composts and other soil improvers
in Finland is 3 mg/kg f.w. (decision of Ministry of
Agriculture and Forestry, Nr 46/1994). Until to-
day, recycling of composted municipal biowaste
has been minor in agriculture and has had nearly
no importance on the Cd load in the cultivated
soils in Finland. Finnish municipalities generate
annually totally 2.1 million tonnes (f.w.) of
wastes. About 0.84 tonnes, ie. 40% of all munic-
ipal wastes, is organic. Approximately 10% of
this amount has been composted and recycled in
plant production, mainly in domestic gardens.
According to the Finnish waste strategy (Finnish
Ministry of Environment 1995) recycling of mu-
nicipal biowaste has to be increased to 75% by
the year 2005.
2.2 Cadmium in fertilizers
The cadmium content of the P-fertilizers depends
on the Cd concentration of phosphate rock from
which P-fertilizers have been derived and proc-
essed. The Cd content of phosphate rock of igne-
ous origin is relatively low, generally below 5 mg/
kg, but these rocks constitute only 15% of world
phosphate production. Sedimentary phosphate
rocks contain Cd between 3 and 120 mg/kg
(Ghoshesh et al. 1996).
In Finland, a phosphate mine was opened at
the beginning of the 1980´s at Siilinjärvi. This mine
produces phosphate rock of igneous origin, like
the Kola mine does in Russia. The Cd content of
Siilinjärvi rock phosphate is internationally ex-
ceptionally low (Figure 1, Ref. Kemira 1991).
During the 1990´s, the Cd concentration of P-fer-
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tilizers on the Finnish markets have varied from
1 to 5 mg/kg P (Syvälahti 1996, Hero 2000). The
cadmium concentration in the P-fertilizers avail-
able in the Finnish markets for crop and garden
production has been limited to 50 mg/kg P and
the limit value for the Cd concentration in the
fertilizers not containing P is 3 mg/kg DM (the
decision of the Ministry of Agriculture and For-
estry, Nr 45/1994). An average Cd content in Eu-
ropean fertilizers is 138 mg/kg P (Davister 1996).
Mortvedt and Osborn (1982) conducted ex-
periments to characterize  the chemical form or
forms of Cd in phosphate fertilizers. Results sug-
gest that the chemical form of cadmium in triple
superphosphate (TSP) and diammonium phos-
phate (DAP) is Cd(H2PO4)2, CdHPO4, or a mix-
ture of these salts, which are Cd analogues of the
P compounds  in commercial P fertilizers.
Although high Cd contents in soils and plants
may be partly due to high native Cd contents in
soils or to airborne sources, several studies have
reported an increase in the Cd content of plants
and soils in the cultivated soil layer following the
application of high rates of phosphates (e.g. Kaar-
stad 1991; Mortvedt et al. 1981; Mulla et al.
1980; Williams and David 1976). This is the result
of the presence of Cd in the phosphatic fertilizers.
The large world soil and plant data material
and fertilization documents of Sillanpää and Jans-
son (1992) indicate a close relationship of plant
and soil Cd to the fertilization rate of P (Figure 2)
and to the P level of soil (Figure3). The plants
and soils in the countries which traditionally use
high amounts of phosphate fertilizers clearly have
higher Cd contents than in developing countries
where the large scale use of fertilizers has not
yet been practiced.
Also, the Finnish research results (Sippola
1997, unpublished data of Agricultural Research
Centre of Finland) show that AAAc-EDTA -ex-
tractable Cd in soil has significant correlations
with both AAAc-extractable P in soil (Figure 4)
and with acid ammonium oxalate extractable P
in soil (Figure 5). In addition to this, McLaughlin
et al. (1996) has indicated a very clear relation-
ship between EDTA-extractable Cd in soil and
H2SO4-extractable P in soils under pasture in
South Australia.
Figure 1. Mean cadmium contents (ppm) of raw phosphates from different countries (Source: Phos-
phorus and Potassium 1989, ref. Kemira 1991).
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Figure 3. Plant Cd and soil Cd as functions of NahCO3 - extractable soil phosphorus
(Sillanpää and Jansson 1992).
Figure 2. Plant Cd and soil Cd as functions of phosphorus fertilization (Sillanpää and Jansson 1992).
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Figure 5. Dependence of AAAc-EDTA extractable Cd on oxalate extractable P in Finnish cultivat-
ed soils, n=150 (Sippola 1997, unpublished).
Figure 4. Dependence of AAAc-EDTA extractable Cd on AAC extractable P in the plough layer of
Finnish cultivated soils, n=152 (Sippola 1997, unpublished).
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2.3 Cultivated soils
2.3.1 Soil types
The soil in Finland has developed mainly from
acid magmatic rocks, pulverized by the continen-
tal ice sheet during the glacial period and from
organic materials during the postglacial period
(Sippola and Tares 1978). Soil types of the culti-
vated fields vary considerably within Finland.
About 35% of the Finnish cultivated soils can be
classified as clays (clay content > 30%), 32% silts,
18% as coarse mineral soils and 15% as organic
soils (Puustinen et al. 1994). In the plough layer,
the dominant soil types are clay in southern and
south-western Finland (Figure 6), and till in the
Central lake districts; fine sand in parts of west-
ern and eastern Finland; and peat in northern Fin-
land (Kurki 1972). A distribution of the soil types
in the subsoils of the cultivated fields is to a great
extent similar to that in plough layer (Kurki 1972).
2.3.2 General characteristics and fertility
Dissimilarity between the soil types in different
parts of Finland is reflected in the fertility i.e. in
the soluble amounts of mineral elements present
in the soils (Sippola and Tares 1987). The clay in
southern Finland contains calcium, potassium and
magnesium in abundance. On the other hand, in
the glacial tills of the central areas and peat soils
of northern Finland, mineral elements occur in
soluble form to a lesser extent than in clay. The
minerals from acid rocks contain smaller quanti-
ties of trace elements than those from so-called
basic rocks, which only occur to a very limited
extent in the Finnish bedrock. As minerals weather
slowly in the cool climate of Finland, elements
are released in smaller quantities in plant-availa-
ble form than under warmer conditions.
There are two remarkable differences in the
chemical characteristics in the cultivated soils be-
tween Finland and many other countries. One of
the main distinguishing feature is the low pH of
Finnish cultivated soils. Mostly, the pH(H2O)
values of cultivated soils in the European coun-
tries are around 7 (Sillanpää 1982, FAO/Trace
element network 1987). Because of acid parent
material, the soils in Finland are very acidic, per-
haps the most acidic in Europe. According to
Kähäri (1989) the most acidic fields of Scandina-
via are cultivated in Finland.
Since 1955, the mean pH(H2O) of the soils
has increased from 5.5 to 5.8 very slowly in spite
of intensive liming (Mäntylahti 1997) (Figure 7).
The subsoils are still more acid than the plough
layer of the cultivated fields (Kurki 1972).
Figure 7. Total annual use of liming agents for the whole fertilized area in Finland during the years
1923-90 (Maatalouskeskusten liitto 1991).
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Figure 6. Dominant soil types in Finland (Kurki 1972).
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The other remarkable difference in the chem-
ical characteristics of the cultivated fields between
Finland and many other countries is the high or-
ganic matter content of Finnish cultivated soils.
It is a result of the abundance of peat soils and of
the slow decomposition rate of organic matter
due to a cool and humid climate. In 1987, a mean
organic carbon content of Finnish cultivated fields
was 9% and consequently a mean organic mat-
ter content 15%. Typical soil organic matter con-
tents in other European countries vary between
1- 4% (Sillanpää 1982, FAO/Trace element net-
work 1987).
2.3.3 Plant crops, areas and yields
Only about ten of the one hundred most impor-
tant food crops in the world can be grown in Fin-
land. With the exception of certain grasses and
to some extent barley and potatoes, no commer-
cial crop can survive in the northern third of the
country. Natural vegetation is essentially boreal
coniferous forests with a zone of treeless tundra
in the north and small areas of temperate mixed
forests in the south-west (Ministry of Foreign
Affairs and Ministry of Agriculture and Forestry
1992).
Finnish agricultural production is mainly based
on livestock. Milk is the most important product
of Finnish agriculture. Only 15% of arable land
is used for crop production for human consump-
tion, about 2/3 of which consists of bread grains
and the rest mainly of rapeseed, sugar beets and
potatoes. However, more than half of arable land
is used for the production of grains when feed
grains such as barley and oats are taken into ac-
count (Ministry of Foreign Affairs and Ministry
of Agriculture and Forestry 1992).
In 1990’s, the total area of cultivated land in
Finland varied between 2.1 and 2.3 million ha of
which 1.8-2.1 million ha was in production. An-
nual plant crops, areas and yields are shown in
Table 4.
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Table 4. Plant crops, areas and yields in Finland in 1990’s.
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Table 5. Mean AAAc-EDTA-extractable Cd
concentrations (mg/l and mg/kg) of soils by
plant cultivation zones in 1987 (Erviö et al.
1990).
3 ENVIRONMENT EXPOSURE
3.1 Release into and occurrence in the
environment
3.1.1 Cadmium concentrations in soils
Cadmium is one of the elements which occur at
very low concentrations in the lithosphere and in
topsoils. The average total contents of Cd in soils
lie between 0.07 and 1.1 mg/kg. However, the
background Cd level in soils apparently should
not exceed 0.5 mg/kg, and all higher values re-
flect the anthropogenic impact on the Cd status
in topsoils (Kabata-Pendias and Pendias 1984).
The main factor determining the Cd content
of the soil is the chemical composition of the par-
ent rock. In addition to this, the age of the soil
has a significant influence on the concentrations
of total and soluble Cd in soil. The more aged
and older the soil, the less may be the influence
of the parent material. According to Bergseth
(1989), chemical and mineralogical analysis of
soil samples from 10 European countries indicate
that the samples from Portugal and Spain have
the lowest total Cd content and the highest de-
gree of weathering. The samples from Finland and
Norway seem to have higher total as well as eas-
ily extractable Cd content than the samples from
southern Europe. Although the bedrock is old in
Finland, the soil is young as compared to the soil
in southern Europe, because Finnish soil is main-
ly formed after the last ice age.  However, the
soil samples from strongly industrialized coun-
tries, Germany, United Kingdom and the Nether-
lands, seem to have the highest total Cd content,
mainly due to extensive pollution and large sup-
plies of Cd-containing phosphate fertilizers.
The mean total content of Cd in the Finnish
cultivated soils is 0.21 mg/kg (Sippola and
Mäkelä-Kurtto 1986), when extracted with aqua
regia (AR). The total Cd content of cultivated
Finnish soils approximates to the values reported
in other Northern European countries, like in
Sweden 0.22 mg/kg HNO3 extractable Cd (An-
dersson 1977) and in Denmark 0.25 mg/kg con-
centrated HNO3 extractable Cd (Tjell and Hov-
mand 1978). Relatively high total mean Cd con-
tents occur in the soils of Germany (0.52 mg/kg)
and France (0.74 mg/kg) (Angelone and Bini
1992). In the U.K., a mean Cd content of agricul-
tural soils reaches 1.0 mg/kg (Jackson and Allo-
way 1992) indicating anthropogenic pollution.
According to Davister (1996) the average Cd
content of cultivated soils in Europe is 0.5 mg/kg.
There are distinct regional differences in the
Cd content of the soils (Figure 8). Cultivated soils
in southern Finland contain nearly twice as much
Cd as the soils in northern Finland (Sippola and
Mäkelä-Kurtto 1986). That can be attributed to
intensive agriculture and industry in southern Fin-
land; and the long-range transport of Cd from Cen-
tral Europe; and to the differences in the soil types.
Also higher concentrations of AAAc-EDTA -ex-
tractable Cd are evident in the cultivated soils in
southern Finland than in northern Finland (Table 5
and Figure 9). The AAAc-EDTA extractable Cd
concentration of the Finnish soils (n = 1320) studied
in 1987 averaged 0.076 mg/l (Erviö et al. 1990).
The extraction power of AAAc-EDTA is about 40%
of  the extraction power of AR (Sippola and Mäkelä-
Kurtto 1986, Mäkelä-Kurtto et al. 1992).
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Figure 8. Total cadmium contents (mg/kg) of cultivated soils by locality. Cultivation zones from I to
V are indicated by dividing lines (Sippola and Mäkelä-Kurtto 1986).
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It is difficult to compare the extractable Cd
levels of the soils between Finland and other coun-
tries, because many various extraction solutions
with different extraction power have been used
and are still in use in the world. However, Sillan-
pää and Jansson (1992) have reported on the
AAAc-EDTA (acid, pH 4.65, ammoniumacetate-
EDTA) extractable Cd levels in the agricultural
soils of 30 countries under FAO-project. Analyt-
ical results of this study are very comparable,
because all the soil samples were analysed with
the same method and in the same laboratory.
According to these researchers, the national mean
of AAAc-EDTA extractable Cd concentration of
wheat fields in southern and central Finland was
0.11 mg/l. This is the same low level as measured
in wheat and/or maize fields in the developing
countries and  lower than the corresponding soil
Cd concentration in developed countries (Figure
10). The world mean of extractable Cd was 0.101
mg/l.  The highest national mean, 0.36 mg/l,  was
in the cultivated soils of Belgium. In this interna-
tional soil material, the highest AAAc-EDTA
extractable soil Cd values exceeded the lowest
by about 125-fold.
Various methods have been used for analys-
ing and extracting Cd from soil and the analyti-
cal results have been expressed in various ways.
Generally, the total content is expressed on a
weight basis, i.e. mg/kg soil. From the plant up-
take point of view, analytical results are more
comparable when expressed on a volume basis,
i.e. mg/l of soil, especially in the case of soils which
have a broad range of organic matter. Therefore
both ways are used in Finland.
3.1.2 Trend measured in soil for 1974-1987
In Finland, monitoring of the same sites of culti-
vated fields indicates that Cd concentrations of
cultivated soils increased by 30% from 1974 to
1987 (Erviö et al. 1990). Soil monitoring which
started in 1974 and earlier than in many other
countries shows that the mean concentration of
AAAc-EDTA-extractable Cd in the fields (n = 142)
increased from 0.061 mg/l to 0.080 mg/l  during
13-year period (Erviö et al. 1990). During the
same period, the levels of soil pH and soil phos-
phorus were increased, too. An annual Cd in-
crease was 2.4%, on average. In different culti-
vation zones, the  increase was of the same mag-
nitude, 0.020 mg/l.
The change was mainly due to exceptionally
Cd-rich P-fertilizers in use during 1975-1981.
According to Kivioja (1982) and the personal
communication of Heikki Hero at Kemira Oy
(1988), the Cd load from fertilizers in Finland
varied annually between 1974 and 1987 as fol-
lows: 1.7, 2.6, 2.3, 4.0, 4.6, 7.4, 6.2, 3.6, 1.8, 0.9,
unknown, 1.6, 0.5, and 0.5 g/ha, respectively. On
average, the total cadmium load from fertilizers
was 37.7 g/ha during the whole study period and
2.9 g/ha annually. Annual variations in the Cd
load between 1960 and 1990 from fertilizers are
presented in Figure 11 (Kemira Oy 1991). Before
1975, Finnish P-fertilizers were mainly manufac-
tured from Russian Kola-apatite which contained
very little Cd. During 1975-1987, P-fertilizers
were manufactured from African raw phosphates
rich in Cd. Since 1981, Finnish Siilinjärvi-apatite,
the Cd concentration of which is also exception-
ally low was used more and more for the produc-
tion of domestic P-fertilizers. Since 1986, P-ferti-
lizers in use in Finland had mainly been produced
of the domestic, nearly Cd free, raw phosphate
and consequently, the annual Cd load from ferti-
lizers has decreased rapidly to 0.5 g/ha, on aver-
age. During the 1990´s, the mean annual Cd load
from fertilizers has been less than 0.1 g/ha (Sy-
välahti 1996, Hero 2000).
Also deposition of Cd from the atmosphere was
a reason for an increase in the soil Cd. Based on
the measurements in southeastern Finland dur-
ing 1974-1987 (Finnish Meteorological Institute
1985-1988), an average Cd bulk deposition was
annually about 2 g/ha for the winter season and
about 1 g/ha for the summer season. If the annu-
al Cd deposition is assumed to have been 1.5 g/
ha, then the total Cd load from the atmosphere
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Figure 9. Areal distribution of AAAc-EDTA extractable cadmium in Finnish cultivated soils
(n=1320) in 1987 (Erviö et al. 1990).
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Figure 11. Mean annual cadmium loads (g/ha) from fertilizers into cultivated soils in Finland
between 1960-1990 (Kemira 1991).
Figure 10. AAAc-EDTA extractable cadmium in cultivated soils of 30 countries (Sillanpää and
Jansson 1992).
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was 19.5 g/ha over the study period 1974-1987.
On the basis of this, the Cd load from fertilizers
was nearly twice that from the atmosphere.
A total increase in AAAc-EDTA-extractable
Cd in the plough layer (0.2 m) between the years
1974 and 1987 was 38 g/ha. Respectively, cad-
mium inputs from fertilizers and the atmosphere
together was 57.2 g/ha. Obviously, about two
thirds of the total Cd input came from fertilizers.
According to Andersson (1984), the Cd inputs to
Swedish soils has been approximately three times
higher than the outputs. Hence, Cd is gradually
accumulating in the soil.
Total concentrations of Cd are reported to in-
crease in the cultivated soils annually by 0.3-0.4%
in Sweden (Andersson 1984) and by 0.6% in
Denmark (Tjell et al. 1981). Furthermore, it is
assumed (Andersson 1984) that the more soluble
and plant-available soil Cd fraction will increase
at a higher rate than the total soil Cd. According
to a review by Jensen and Bro-Rasmussen (1990)
there is an evidence that the increase in soil Cd
has been fast during 1960´s, 1970´s and 1980´s
and that also a significant long-term increase has
been demonstrated in the Cd content of the har-
vested crops in some cases.
A mass balance estimation (Table 6) indicates
that during the period 1974-1987, Cd inputs to the
plough layer were annually together 4.78 g/ha, on
average. The measured increase (30%) in the AAAc-
EDTA extractable Cd was much faster than the
estimated increase (14%) in aqua regia (AR) ex-
tractable Cd for the same period. If the annual ac-
cumulation rate would have been constant for 100
years, then the soil AR-extractable Cd would have
been increased to 0.434 mg/kg that is more than
twice the initial concentration.
3.1.3 Cadmium concentrations in crops
Cadmium contents in the dry matter (d.m.) of 16
plant crops grown side by side in two years at
nine locations in various parts of Finland have
been determined and compared by Sillanpää and
Jansson (1991). The variation between the Cd
contents of different plant species and plant parts
is very wide (Figure 12). The Cd contents are the
highest in sugar beet tops which exceed by a hun-
dredfold those of the lowest in pea seeds. Also
within individual plants, the difference in Cd con-
centrations is considerable. A very great differ-
ence (19-fold) between different parts of the same
plant is evident in the pea but differences may
also occur in cases of wheat, turnip rape, swede
and sugar beet by 3-4 -fold.
In general, cereal grains have low Cd contents,
the mean values varying from 0.03 to 0.09 mg/
kg, but their straws contain considerably more
Cd, from 0.13 to 0.26 mg/kg in d.m. (Sillanpää
and Jansson 1991). These values are in good
agreement with the results of other Finnish re-
searchers, Syvälahti and Korkman (1978) and
Varo et al. (1980).
The Cd contents in hay crops, including red
clover are about equal or only slightly higher than
those in cereal grains (Sillanpää and Jansson
Table 6. Cadmium mass balance in Finnish cul-
tivated soils during 1974-1987 (13 years).
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Figure 12. Two-year averages of cadmium contents of different parts of 16 crops grown
side by side (Sillanpää and Jansson 1991).
1991). The Cd averages of various cuts of timo-
thy varying  from 0.034 to 0.058 mg/kg are some-
what higher than those (aver. 0.017 mg/kg) re-
ported by Sippola and Mäkelä-Kurtto (1986)
from Finland but lower than the mean Cd con-
tents of grasses in eight countries reported by
Kabata-Pendias and Pendias (1984): West Germa-
ny 0.07, Poland 0.08, Iceland 0.21, DDR 0.27 and
Czechoslovakia 0.6 mg/kg in d.m.
In the international FAO plant sample
(n=3664) material (Sillanpää and Jansson 1992)
from 30 countries, the world Cd mean of wheat
shoot samples taken at mid-tillering stage and
maize shoot samples taken at 5 to 6-leaf stage
were 0.103 and 0.120 mg/kg d.m, respectively.
The highest Cd contents in plants exceeded the
lowest as much as about 1500-fold.
Root crops are very effective Cd collectors.
They generally have higher mean Cd contents
(0.1-0.7 mg/kg d.m.) both in their tops and roots
than many other crops (Sillanpää and Jansson
1991). The high availability of soil Cd to plants
may be an explanation as to the high Cd con-
tents present in the roots of the root crops. The
still higher Cd contents in the tops of the root
crops may be explained so that the broad leaves
receive much more exposure to external Cd con-
tamination from the air than those of the other crops.
According to Niemi and Hallikainen (1993)
the concentration of Cd in the Finnish potato tu-
bers was 0.01 mg/kg f.m. (dry matter content
22%), i.e. 0.045 mg/kg d.m. and according to
Venäläinen et al. (1999) less than 0.01 mg/kg f.m.
Kabata-Pendias and Pendias (1984) have re-
ported background levels of Cd in common crop
plants in various countries. The grand mean val-
ues for all cereal grains range between 0.013 to
0.22, for grasses between 0.07 to 0.27 and for
legumes between 0.08 to 0.28 mg/kg d.m. The
Cd contents of the Finnish crops (Sillanpää and
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Jansson 1991) are very low when compared to
these international background values.
In general, vegetables, especially lettuce and
spinach, and other plant species grown in the
garden contain much more Cd than cereals. Fur-
thermore, cultivated plants may take up Cd and
other heavy metals at excessive levels, too, if they
are grown inpolluted soil as indicated by the pre-
liminary research results on the previous pot ex-
periments conducted by the Agricultural Re-
search Centre of Finland.
3.1.4 Cadmium concentration in ground water
Geological Survey of Finland has monitored the
quality of groundwater in Finland since 1969.
During that time period, a decreasing trend in
the groundwater cadmium was observed both in
till and in sand aquifers (Backman et al. 1999).
The decrease was drastic during the 1980s. A
mean and median concentration of cadmium in
Finnish groundwater, ie. springs and captured
springs, is 0.05 µg/L and 0.03 µg/L, respectively.
Aquifers in the areas of intensive agriculture, big
cowhouses or pastures generate groundwater with
cadmium concentrations higher than averages.
3.2 Biogeochemical behaviour of cadmium
3.2.1 Transformation and distribution in soil
Soil is composed of three phases, solid (mineral
and organic), liquid and gaseous, and exhibits
properties resulting from the physical and chem-
ical equilibrium of these phases. A knowledge of
the association of cadmium with particular soil
phases and its affinity to each soil constituents is
the key to a better understanding of the princi-
ples governing Cd behaviour in soil (Kabata-Pen-
dias and Pendias 1984).
In the soil, Cd is not evenly distributed be-
tween various soil phases (solid, water and air),
between various soil constituents (mineral and
organic constituents) or between various soil pro-
files i.e. various soil layers.
Usually, cadmium is present:
- as a part of the soil parent material or soil
minerals of secondary origin;
- precipitated with other compounds of the soil;
- sorbed on exchange sites. Metal oxides or hy-
droxides, clay minerals and organic matter can
serve as exchangers;
- dissolved in the soil solution, either in the aqua-
form or complexed with inorganic or organic
ligands;
- embodied in micro-organisms, plants or ani-
mals (Schmitt and Sticher 1991).
The behaviour of Cd ions in the soil depends
on pedological factors such as pH, humus con-
tent, cation exchange capacity, redox potential,
as well as external factors such as temperature,
precipitations, erosion, land use practice etc. Fur-
thermore, the degree of activity, bioavailability
and mobility of Cd is influenced by other factors,
like competition with other metal ions, ligation
by anions, composition and quantity of the soil
solution.
The major physico-chemical reactions of Cd
in the soil are sorption, complexation, precipita-
tion, biosynthesis, biodecomposition and uptake
by the roots. The principal chemical species of
Cd in acid soil solution under oxic conditions are
Cd2+, CdSO4, CdCl
+ and in alkaline conditions
Cd2+, CdCl+, CdSO4, CdHCO3
+. Soluble, ex-
changeable and chelated species of Cd are the
most mobile in soils and these factors governs its
migration and phytoavailablity (Schmitt and
Sticher 1991). The knowledge of the speciation
of cadmium in natural and anthropogenically
sourced materials, and the chemical species´ bio-
availability is incomplete (Garrett 1996).
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3.2.2 Adsorption and mobility in soil
The distribution of Cd between the soil solid phase
and solution phase is considered by Christensen
et al. (1990) to be the key in the evaluation of
environmental consequences of Cd when applied
to land. Gerritse et al. (1983) showed that the
uptake of Cd by the plants is highly correlated to
Cd concentration in the soil solution.
The dominating mechanism governing the dis-
tribution of Cd between soil and soil solution is
sorption (Christensen et al. 1990), which includes
adsorption, absorption, chemisorption, ionex-
change and surface complexation. Precipitation
processes, like in terms of carbonates, phosphates
and sulphides, are supposedly - at environmen-
tally relevant concentrations - only of significan-
ce in strongly anaerobic, sulphide containing en-
vironments. Many soil components, like clay min-
erals, sesquioxides, organic matter and calcite,
are able to sorb Cd.
Cadmium sorption in soils is from an environ-
mental point of view a fast process reaching equi-
librium within 1 hour,  the sorption process ap-
proximately is fully reversible and the distribution
of Cd between soil and solute is independent of
its origin (Christensen et al. 1990). This indicates
that although the soil may have a significant ca-
pacity to sorb Cd, the soil is no permanent sink
and previously sorbed Cd may be released upon
changes in the soil solution composition.
The main factors affecting the distribution of
Cd between soil and solute are pH, Ca concentra-
tion of the solute and maybe the presence of Zn
in the soil solution (Christensen et al. 1990). Soil
pH is the dominating factor accounting for 72%
of total variation of the distribution of Cd between
the solid and solute. Calcium, if significantly in-
creased, may to some extent compete with Cd
for sorption sites, while Zn at concentrations
above 0.3 mg/l soil solution may compete signif-
icantly with Cd for sorption sites.
As compared to other toxic heavy metals, like
lead and mercury, Cd is exceptionally soluble in
soil. Soluble, exchangeable and chelated species
of Cd are the most mobile in soils and this gov-
erns its migration and phytoavailablity. Cadmi-
um is relatively mobile between the pH levels of
4.2-6.6 and only moderately mobile between the
pH levels of 6.7-8.8 (Schmitt and Sticher 1991).
In several experimental studies, including field
trials, Cd has been found to transfer from the
surface soil (0-25 cm) to the lower soil horizons
as reviewed by Jensen and Bro-Rasmussen
(1990). Mobility of the Cd in the soil seems to be
dependent on the source. Sequential extraction
analysis of Cd by Chlopecka et el. (1996) gives
support to the view that metals from anthropo-
genic sources are in general more mobile than
those from native origins, like soil parent mate-
rials. The results of Jones  et al. (1987) on the
field experiment since the mid-1800´s to the
present day indicate that Cd entering the soil in
phosphate fertilizers is not retained in the soil to
the same extent as that from atmospheric depo-
sition and from manure.
The current EU policy is to set aside a signifi-
cant part of the area of agricultural soils because
of costly overproduction. In Finland, totally
200 000 ha of arable land has been afforested
during the last thirty years (Hynönen and
Hytönen 1998). Dutch research results referred
by del Castilho et al. (1996) show that the chang-
ing of agricultural land into forest land may have
significant implications for the solubility and mo-
bility of Cd in the ecosystem. After the termina-
tion of liming, the soil pH decreased to 3.5-4 with-
in 3 to 4 decades, indicating a rapid acidification
of the topsoil which lead to a significant increase
in the Cd concentrations in the soil solution. Es-
pecially below pH 5, dissolved Cd concentration
increased rapidly due to pH-dependent desorp-
tion from the soil surface. Mobility of Cd was
increased also in the deeper soil layers 40-80 cm.
This indicates that soil pH is one of the most im-
portant factors determining not only the short-
term, but also the long-term variations in the
mobility of Cd in the soil.
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3.2.3 Transformation in water
Heavy metal concentrations in headwater lakes
and streams are heavily influenced by bedrock
lithology, soil granulation and chemistry of the
catchment, land-use such as cultivation, fertiliz-
ation and ditching in the catchment area and the
main hydrogeochemical parameters such as pH,
alkalinity and total organic carbon (TOC) (Tar-
vainen et al. 1997).
In the aquatic environment Cd is found in var-
ious forms: Cd2+ is the most important dissolved
species in freshwater whereas in seawater the dis-
solved chloride-complexes are the most important.
The pH and redox potential of water have a
major effect on the physical and chemical forms
of metals and metal compounds in an aquatic
environment. Increasing the acidity increases the
free metal ion concentration in solution.
Water hardness, contributed in most natural
waters by calcium (Ca2+) and magnesium (Mg2+),
affects bioavailability of metals by competing
with metal cations for binding sites of anions in
the water. The ionic competition results in a re-
distribution in the concentrations of metal salts,
sometimes changing the ratio of a dissolved to
solidphase metal by forming insoluble salts
(ICME 1995).
Organic ligands can play a major role in
aquatic systems. Metals bind to dissolved organ-
ic ligands primarily at carboxylic and phenolic
functional groups.
Cd may be bound to suspended particles. This
depends on the content of the suspended materi-
al, the particle size distribution, pH, temperature
and on the complexants present. The proportion
of the cadmium bound to suspended material is
large in fresh inland waters (>50%), small in the
coastal waters (10-20%) and minor in the open
ocean (1%) (Ros and Slooff 1988).
 Also, it has been well established that natu-
rally occurring dissolved organic compounds such
as humic acids have a substantial effect on the
bioavailability of metals (ICME 1995). Compl-
exation of metal ions usually reduces their effec-
tive concentration in water and, in many cases,
also their biological availability and toxicity to
animals. On the other hand, there is contradicto-
ry information on the interrelationships between
the decreased bioaccumulation and toxicity of
cadmium to fish and invertebrates in humic wa-
ters (Ramamoorthy and Blumhagen 1984,
Winner 1984, Oikari et al. 1992).
The interface between the sediment and wa-
ter column represents an important environment
governing the fate of metals in an aquatic envi-
ronment. As particulate matter falls through the
water column, metals are scavenged and incor-
porated into the bottom sediment (ICME 1995).
This phenomenon increases when large quanti-
ties of calcium carbonate percipitate. If the sedi-
ment gets anaerobic and sulphate reduction takes
place, the cadmium will be bound as insoluble Cd
sulphide. Remobilisation occurs when the pH de-
creases; as a result of the microbial process; poss-
ibly at very high sulfide concentration (>30 mg/l);
by oxidation; and by decomposition of organic
material (Ros & Slooff 1988).
Bioturbation of sediments by benthic organ-
isms disrupts the water/sediment interface and
brings oxygen in the sediment, thus enabling Cd
to redissolve.
In Finland lake water is typically very soft
(mean hardness < 10 mg CaCO3). The median
pH in Finnish lakes is 6.6 (Mannio and Vuoren-
maa 1996). The proportion of acidic lakes with a
pH < 5 was in 1987 about 10% (Forsius et al.
1990). More than half of Finnish lakes can be
classified to be brown coloured, humus lakes (col-
our > 40 mg Pt/l) (Mannio and Vuorenmaa 1996).
Concentration of aquatic humic substances in
Scandinavian inland waters varies, given as
dissolved organic carbon (DOC) generally
~ 5-20 mg C/l (Oikari et al. 1992). The high con-
centrations of organic matter decrease the pH
values of the lakes and the humic lakes are on
average more acidic than the clear water lakes
(Kortelainen et al. 1989). In humic waters, eleva-
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ted concentrations of especially land-derived
metals are to be expected. Due to their complex-
ing ability and their acidity, humic substances can
also transport metals which in other conditions
would be retained in the soils of the catchment
(Mannio et al. 1993). All these typical characte-
ristics of Finnish waters make Cd more soluble
and more bioavailable to aquatic organisms.
3.3 Uptake by plants
It is generally thought that the chemical form of
Cd taken up by plants is the free uncomplexed
Cd2+ ion present in soil solution. Thus, any treat-
ment or changes in soil conditions which affect
the concentration or activity of the Cd2+ will af-
fect the plant accumulation of Cd. The factors
affecting the uptake of Cd by plants can be sum-
marized as follows (modified from McLaughlin
et al. 1996 and Chaney and Hornick 1978):
* Atmospheric factors
- depositions, dry and wet
* Plant factors
- plant species
- plant cultivar
- plant part
- age of the plant or plant part
- root excretes
- depth of roots in the soil
* Soil factors
- soil parent material (age, texture, CaCO3)
- total amount and solubility of soil Cd
- amount and nature of clay
- amount and nature of organic matter
- soil salinity
- soil pH
- redox potential
- cation exchange capacity
- interactions between other elements
(Zn, etc.) and substances
* Weather and climatological factors
- temperature
- precipitation
* Cultivation management practices
- fertilization (N, P and their forms)
- liming agents
- soil improving agents (wastes: ashes,
sewage sludges, composts etc.).
Soil factors that increase the uptake of Cd by
plants are low pH, high salinity, high Cd concen-
tration, low organic matter content, low cation
exchange capacity, low clay, Fe and Mn oxides
concentration, Zn deficiency, presence of NH4+,
high temperature. In spite of Zn fertilization (100-
200 g Zn/ha/a), a great deal of Finnish cultivated
soils, especially clay soils in southern Finland, are
deficient of Zn that imposes a risk for the high
Cd uptake by the plants.
Plant species and plant parts differ in their Cd
contents. Usually, the concentration of Cd dec-
reases in various plant species and plant parts in
the following order: leafy vegetables > root veg-
etables > cereals > fruits. Older plants or plant
parts contain more Cd than younger ones.
The most important factor influencing  the
uptake of Cd by the plants is the pH level of the
soil. The amount of Cd present in soil solution is
mainly (70%) governed by the soil pH (Chris-
tensen 1984). For instance, it has been shown in
Sweden (Statens livsmedelsverk 1989; Eriksson
et al. 1990) that the Cd content of oat grains has
a clear connection with the soil pH. When the
pH of the soil was increased by one pH unit in
the pH range of 4.7-7.3, the Cd content of grains
was decreased to about a half. Uptake of Cd by
the plants can be regulated with the aid of costly
liming, but not always and not for all plant spe-
cies and plant parts. According to Jackson and
Alloway (1991) liming of the soil was not able to
reduce the Cd content of potato tubers.
The availability of cadmium to plants depends
not only on the pH of the soil, but also on the pH
of the rhizosphere. The plant roots have ability
to acidify their surroundings i.e. rhizosphere in
order to solubilize elements for enhancing uptake.
Plant species differ in their ability to acidify the
rhizosphere (Youssef and Chino 1991). For in-
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stance, the roots of the beans can solubilize and
take up metals much better than the roots of bar-
ley. Dicotyledonous plants generally take up met-
als much more than  monocotyledonous plants
do (Sauerbeck 1991).
Uptake of Cd by the plants are effected by the
application rate and the form of fertilizers, espe-
cially the form of nitrogen. If the N is applied to
the soil in ammonium form, the soil will be acid-
ified by the roots through the uptake of nutrients.
After harvesting three crops, the pH of the soils
which received  N-fertilization in ammonium form
may be three pH units higher than the pH of the
soils which received N-fertilization in nitrate form
(Dijkshoorn et al 1983).
Cadmium contents of the crops mainly de-
pend on the purity of the soils, because the
greatest part of Cd in the plants is mostly ab-
sorbed through the roots from the soil and only
a smaller part of  Cd is of air born origin. Ac-
cording to some estimates, 20 to 60%, with an
average of about one third, of plant Cd may be
airborne falling down as either wet or dry dep-
ositions (e.g., Hovmand et al. 1983; Christensen
1983), but of course, its proportion varies great-
ly from one location to another. Thus, about
two thirds of plant Cd is normally taken up
through the roots from the soil.
Cadmium concentrations of the plants are, in
general, very high as compared to the low Cd
concentrations of the soils (Kabata-Pendias and
Pendias 1984). Bioaccumulation of Cd is ex-
ceptionally intensive by the plants from the soil
as compared to many other trace elements.
Cadmium is generally considered a non-essen-
tial element for both plants and animals. Its im-
portance lies in its toxicity. Many plants can ac-
cumulate relatively large concentrations of Cd
without adverse effect on their growth. Thus,
concern is not only for the effect of Cd on plant
health, but particularly plant Cd as a source of
Cd for herbivores and humans. Consequently,
differences in the adsorption rate of cadmium
between the plant species are important from
both an environmental and health standpoint.
Area-weighted mean Cd offtakes by Finnish
plant crops is based on the following national
data: the Cd concentration in Finnish crops (Fig-
ure 12, Sillanpää and Jansson 1991), the yields
and areas of various crops in Finland in 1995
(Table 7), Information Center of Ministry of Ag-
riculture and Forestry 1995). The Cd concentra-
tion of potato was reported by Niemi and Hal-
likainen (1993) and Venäläinen et al. (1999).
3.4 Bioaccumulation
Elemental metals and solid phase inorganic met-
al compounds are generally not bioavailable as
such and therefore, the bioaccumulation of inor-
ganic metal compounds is not a useful parameter
for their hazard identification. However, it is their
constituent soluble metal cations that undergo a
biological uptake (Technical workshop 1996).
Bioconcentration factors for several groups of
water organisms studied under laboratory con-
ditions are shown in Table 8. BCF range from 16
to 130 000 and do not seem to show any consist-
ent pattern (WHO 1992). Some species accumu-
late metals to high levels (e.g. zooplankton), while
other species such as fish closely regulate inter-
nal concentrations or sequester the metal with
cellular binding proteins (e.g. metallothioneins).
Filter-feeding aquatic organisms generally accu-
mulate more than any other group (ICME 1995).
Bioconcentration factors and biomagnification
factors were calculated for the freshwater iso-
pod Assellus aquaticus by van Hattum et al. (1989,
ref. in WHO 1992). Much of the cadmium (add-
ed as the chloride) was taken up from the water
(BCF 18000), but there was little uptake from
food (BCF 0.08). Experiments conducted at two
different pHs (5.9 and 7.6) revealed no signifi-
cant effect of pH on uptake of cadmium by the
isopod. Metals are not generally known to bi-
omagnify in aquatic food chains (ICME 1995).
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Although metals do bioaccumulate in terres-
trial food-chains, their BAFs (biomagnification
factor) are generally low. Field-based BAF for
cadmium in plant and plant-frugivore food-chains
was less than one (Hunter and Johnson 1982, ref.
in ICME 1995). In another field study, the BAF
was 0.06 for the cadmium in kidneys of a herbiv-
ore (Pascoe et al. 1994, ref. in ICME 1995). How-
ever, in another study, insect herbivores, detri-
vores and predators bioaccumulated cadmium at
factors 1.1 to 5.4 times higher than their food
items (Hunter and Johnson 1982).
3.5 Accumulation module
The total Cd content (Cdtot) in agricultural soils
is the result of inputs of Cd from several sources,
such as parent material (Cdp); atmospheric dep-
osition (Cda); fertilizers (Cdf); agrochemicals
(Cdac); wastes (Cdw) minus Cd removed in crop
material (Cdc); and Cd in losses through leach-
ing, erosion and volatilization (Cdl) as described
by the following formula:
Cdtot = (Cdp + Cda + Cdf + Cdac + Cdw) - (Cdc + Cdl)
One of the best ways to predict the trend of
Cd concentration of the soils for the future is a
mass balance calculation which considers the in-
puts of Cd into the soil and outputs of Cd from
the soil.
Different approaches to assessing heavy met-
al balances are presented by Moolenaar (1999b).
A static balance is comparable to a black box
model that finds relationships between the input
and output of a system without knowing the
system´s structure and behaviour. In a static bal-
ance, a record is kept of the input and output
flows, where the output flows are assumed to be
unrelated to the metal content in the soil. The
change in heavy metal content in the plough lay-
er is therefore the result of the net difference be-
Table 7. Data on which mean national area-weighted Cd offtakes by various Finnish crops are based.
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tween input and (constant) output rates. Because
a static balance does not address the dependance
between soil content and output flows, it cannot
realistically simulate the heavy metal soil con-
tent in time. However, it is an attempt to clarify
long-term effects of Cd inputs to the development
of the cadmium concentration in soil. For simu-
lating the fate of metals in time, a dynamic bal-
ance may be calculated in which the relationship
between heavy metal soil content and output
flows is explicitly included. A dynamic balance
equation could thus be derived in terms of heavy
metal content by relating the output rates (e.g.,
by leaching and crop uptake) to the metal con-
tent in soil. Also according to Moolenaar (1999a)
heavy metal balance studies tend to suffer from
a lack of recent and accurate data and hence
unreliable, averaged, or estimated numbers are
being used. Leaching is one of the most difficult
flows to quantify reliably, by measurements or
models. Therefore, in most balance studies, leach-
ing is either neglected or simulated in a simpli-
fied way.
3.5.1 Methodology
Methodological procedures used in the accumu-
lation module was directly taken from the report
of ERM (2000). Estimations in the module were
areally applied in southern Finland, cultivation
zones I-III, where 70-80% of all the Finnish ara-
ble land is situated. Estimations were focused to
an average Finnish field hectare and to wheat,
potato and sugar beet fields in the same area.
These cultivation systems were selected for mod-
ule estimations, because wheat and potato crops
form of a major portion of foodstuff consump-
tion of the Finnish population. In Finland, 45%
of cadmium intake via food comes from wheat
and nearly 60% from the cereals together. In ad-
dition, more than a half of the Finnish arable land
area is under cereal cultivation. Instead, sugar
beet represents an exception among the plants
because it has a relatively high ability to take up
cadmium from the soil.
Current general characteristics of the fields
assessed in the accumulation module are presented
in table 9.
3.5.1.1 Cadmium inputs
Cadmium inputs from various sources and from
P-fertilizers with different Cd concentrations as-
sessed in accumulation module are presented in
table 10. The mean atmospheric deposition of
cadmium in the area assessed in the accumula-
tion module was 0.3 g/ha/a and was based on the
measurements of the Finnish Meteorological In-
stitute in 1997-99.
Today, an average field hectare in Finland
annually receives about 10 kg of P. Application
rates (kg/ha/a) of P to wheat, potato and sugar
beet  were based on the current national fertiliz-
er recommendations and the Finnish agro-envi-
ronmental programme according to the Council
regulation (2078/92) and were 15, 40 and
30 kg/ha/a, respectively. Three various concen-
Table 9. General characteristics of the fields assessed in accumulation module.
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trations of cadmium in P-fertilizers were select-
ed for assessing in the accumulation module: 1)
the current Finnish mean cadmium concentration
2.5 mg/kg P, 2) the Finnish limit value 50 mg/kg P
and 3) the European mean value 138 mg/kg P.
An input value from liming, 0.035 g/ha/a (Ta-
ble 6), was based on the mean national use of lim-
ing agents for an average field hectare and for
wheat and sugar beet fields. Instead, there was no
input from liming for potato cultivation. Hence
potato can be cultivated in rather acidic soils, too.
In the accumulation module, animal manure
and other organic wastes were used only in the
average field hectare. In other cases, only mineral
fertilizers were applied.
3.5.1.2 Distribution coefficient (KD) of cadmium
For the determination of distribution coefficient
(KD) of cadmium in the soil the following algo-
rithms proposed by the ERM (2000) were applied
and tested in the accumulation module:
1) algorithm of Anderson and Christensen (1988)
log KD = -1.22 + 0.56 (%C) + 0.55 pH
where
%C = percentage organic carbon
This algorithm was developed for 38 soils from
13 different agricultural experimental stations,
with low Cd concentrations. Electrolyte contained
0.001 M CaCl2. Other soil properties also includ-
ed. Tested in Denmark.
Table 10. Cadmium inputs from various sources and from P-fertilizers of different Cd concentration
to fields assessed in accumulation module.
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2) algorithm of Christensen (1989)
log KD = - 1.35 + 0.587 pH + 0.157 (%OM)
where
%OM = percentage organic matter
This algorithm was developed for 63 agricul-
tural soil with pH of 4.1-7.7, OM of 0.3-4.1%,
and KD range 15-2450 L/kg. Electrolyte contained
0.001 CaCl2. pH is for soil solution. 0.4 should
be added to pH of soil to convert to pH of soil
solution. Tested in Denmark.
3) algorithm of McBride et al. (1997)
log Cdl = 3.62 - 0.5 pH + 0.96 log CdT - 0.45 log
(OM)
where
Cdl = cadmium concentration in soil solution
(µg/L).
CdT = total cadmium content of soil
(mg/kg dry weight)
This algorithm was reworked of previously
published data (Gerritse and van Driel 1984) and
developed for 31 agricultural soils, many with
elevated cadmium concentrations, range 0.1-90
mg/kg, pH range 4.3-7.8, OM range 11-340 g/kg.
Soil solution data used were obtained by water
extraction. Tested in French, Dutch and UK soils.
A conversion factor of 0.85 was taken into ac-
count of the transition from Cd2+ in order to
achieve CdL (Wenzel 1999).
4) algorithm of Romkens (pers. comm., 2000)
log KD = -1.00 + 0.44 pH + 1.03 log (%OM)
where
%OM = percentage organic matter
This algorithm was reworked of data in Rom-
kens and Salomons (1998) to develop an algo-
rithm with pH and OM. R2 = 0.76. Tested in the
Netherlands.
3.5.1.3 Annual precipitation excess
In the accumulation module, the annual precipi-
tation excess (F) was calculated using the follow-
ing formula:
F = P - (E+S)
where:
P = the rate of precipitation (m/a)
E = the rate of evapotranspiration (m/a)
S = the rate of surface run off (m/a)
Long-term averages for annual precipitation
and evapotranspiration in southern Finland, par-
ticularly for cultivation zones I to III, are 0.600
and 0.300 m, respectively (Atlas of Finland 1960,
Turtola and Jaakkola 1986). The annual surface
run off  was evaluated to be 0.100 m. Thus, the
annual precipitation excess was 0.200 m.
3.5.1.4 Dynamic mass balance model
In order to calculate temporal trend in cadmium
accumulation in soil, a dynamic mass balance
model developed by Harmsen (1992), Boekhold
and van der Zee (1991), Vissenberg and van Grin-
sven (1995), Moolenaar et al. (1995, 1997) and
Tiktak et al. (1999) and recommended by ERM
(2000) was used in accumulation module. The
mass balance equation applied was the follow-
ing:
Cds(t) = Cds(0) e 
-( kp +  kl + ke) t + {ki /(10þdp )(kp + kl
+ ke)}{1 -e  -( kp +  kl + ke) t }
where
Cds(0) = initial (present day) concentration of Cd
   in soil (mg/kg d.m.)
Cds(t) = cadmium concentration in the plough
   layer at time t years (mg/kg d.m.)
ki = input rate of cadmium (g/ha/a)
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kp = cadmium offtake rate by plants (g/ha/a)
kl = cadmium leaching rate (g/ha/a)
ke = cadmium erosion rate (g/ha/a)
t = time (a)
þ = soil bulk density (1000 kg/m3)
dp = depth of plough layer (0,2 m)
A cadmium concentration of the soil at the
steady state (SS) was calculated according to the
following formula:
Cds(SS) = ki/ {(10þdp )(kp + kl + ke)}
3.5.1.5 Determination of plant Cd as a function of soil
properties
Plant cadmium as a function of soil properties
were estimated for the fields under wheat, pota-
to and sugar beet cultivation by using the follow-
ing algorithms:
1) for wheat grains algorithm of Eriksson et al.
(1996):
Cdp = 78.8 – 7.26 pH – 1.58 (%OM) + 0.8
(%Clay) + 184.8 Cds – 0.73 Zns
where
%Clay = 45
2) for potato tubers algorithm of Eriksson et al.
(1996):
Cdp = 193 – 24.1 pH – 0.94 (%OM) + 39 Cds
3) for sugar beet roots algorithm of Sippola
(2000):
Cdp = 905 – 120 pH + 300 Cds
3.5.2 Scenarios for a 100-year period
In general, scenarios estimated in the accumula-
tion module resulted in a large variation in the
cadmium distribution coefficient (KD) depending
on the algorithm used for the determination. For
demonstrating this, all the scenarios estimated are
presented in this report. However, McBride´s and
Romkens´ algorithms developed for the contam-
inated soils or soils with elevated Cd concentra-
tions could not be considered suitable for agri-
cultural soils with low cadmium concentration in
Finland. Instead, algorithms of Anderson´s and
Christensen´s were developed for cultivated soils
of low cadmium content. Therefore, these algo-
rithms, particularly Christensen´s algorithm,
could be believed to indicate realistically the fu-
ture trends in Finland.
3.5.2.1 Cadmium concentration in pore water/leachate
Cadmium concentrations in the pore water/lea-
chate obtained by the various algorithms differed
from each others by more than 500 to 1000 times
depending on the time and the Cd content of P-
fertilizers (Table 11). At the initial time (0), the
concentration order from the lowest to the high-
est values by the algorithms was the following:
by Anderson´s algorithm 0.000-0.001; by
Christensen´s algorithm 0.022-0.050; by
McBride´s algorithm 0.087-0.174; and by Rom-
kens´ algorithm 0.299-0.550 µg/L. These concen-
trations could not be compared to any Finnish
real values, because there are no scientific meas-
urements available in Finland on the Cd concen-
trations in the soil water. In order to select the
most probable algorithm for further scenario cal-
culations, some theoretical speculations were
made. A mean and a median Cd concentration in
the ground water for springs and captured springs
in Finland are 0.050 µg/L and 0.030 µg/L, respec-
tively (Backman et al. 1999) and are of the same
magnitude as the values obtained by the
Christensen´s algorithm. However, the cadmium
concentration in the soil solution of the plough
layer of cultivated fields could be higher than that
in the groundwater, because the topsoil is a di-
rect subject of high inputs. On the other hand,
Finnish cultivated soils have high levels of clay
and organic matter which may effectively accu-
mulate cadmium. In addition, cultivated soils are
regularly limed in Finland.
If about 40% of total cadmium in cultivated
soils is considered to be mobile or mobilizable in
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Table 11. Cadmium concentrations in pore water/leachate, µg/L, at different times and at different
Cd contents of P-fertilizers and changes (%) over 100 years.
the Finnish conditions (Sippola and Mäkelä-Kurt-
to 1986 and Mäkelä-Kurtto et al. 1992) it means
that 168 g of the total cadmium amount (420 g =
0.21 mg/kg x 2 000 000 kg) in the plough layer
(0.2 m) could be soluble or solubilizable. If water
content in soil is 20%, the amount of soil water
in the plough layer in the area of one hectare is
400 000 L. Then the Cd concentration in soil
water could be 0.042 µg/L. Also this value is the
closest to the respective values obtained by
Christensen´s algorithm.
The Cd concentrations obtained by Anderson´s
algorithm seem to be unrealistic low as compared
to the Cd concentrations in the Finnish ground
water. Because McBride´s algorithm was devel-
oped for the soils with elevated Cd content, this
algorithm could not be considered as a proper
selection for the Finnish cultivated soils with low
Cd concentration. Romkens´ algorithm gave still
higher pore water concentrations than
McBrides´s algorithm did. These were the rea-
sons why the Finnish scenario calculations will
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be focussed mainly on the results obtained by
Christensen´s algorithm.
Cultivation system had an effect on the Cd
concentration of the pore water/leachate. In gen-
eral, the highest Cd concentrations occurred in
the potato cultivation and the lowest ones in sug-
ar beet cultivation. The reasons for the low con-
centrations in the sugar beet cultivation obvious-
ly were the high soil pH and the high Cd uptake
by sugar beet roots. Instead, in the potato culti-
vation, soil pH was low,  Cd uptake by potato
tubers was low and an application rate of P-fer-
tilizers was high.
Particularly, the cadmium content of P-fertiliz-
ers has a marked effect on the cadmium concentra-
tion in the pore water/leachate. Scenario calcula-
tions (Table 11) indicated that during a 100-year
period, the cadmium concentrations in the pore
water/leachate will change from the value at the
initial time (0) by -31 to 8%, 5 to 42% and 40 to
124 % when the Cd contents of P-fertilizers were
2.5, 50, 138 mg/kg P, respectively. If the P-fertilizers
with cadmium content equal to the current Finnish
mean value will be annually used to the fields, an
increase in the cadmium concentration in pore wa-
ter/leachate will be 8% in the average Finnish field.
In the  wheat field, no change will occur. Instead, in
the potato fields after a 100-year period pore water
cadmium will decrease by 2% and in the sugar beet
fields even by 31%.
If the P-fertilizers contain cadmium 50 mg/kg
P which is a Finnish limit value, the cadmium con-
centration in pore water/leachate will increase
during 100 years in all the cultivation systems: in
sugar beet cultivation by 5%, in wheat cultiva-
tion by 16%, in the average field by 20% and in
potato cultivation by 42% when the scenarios
were calculated with the aid of Christensen´s al-
gorithm. P-fertilizers of European quality will
lead to increases of 67%, 45%, 40% and 124%,
respectively.
In conclusion, Christensen´s algorithm seemed
to give the most realistic values for pore water/
leachate cadmium because they had the best ac-
cordance with the respective values obtained by
the theoretical calculations. Thus, the figures
based on the Christensen´s algorithm were con-
sidered to be the most suitable for the Finnish
conditions and will be mainly focussed in this re-
port. The Finnish pure P-fertilizers have only a
slightly increasing or even decreasing effect on
the cadmium concentration of pore water/leach-
ate during a 100-year period. Instead, P-fertiliz-
ers meeting the Finnish limit value will cause an
increase of 5-42% and P-fertilizers of European
quality will increase the cadmium concentration
of pore water/leachate by 40-124% depending
on the cultivation system. This will lead to high-
er cadmium concentrations in drinking, ground
and surface waters.
3.5.2.2 Cadmium leaching rate
The present leaching rates (at the time 0) based
on the algorithm of Christensen varied from 0.044
to 0.100 g/ha/a depending on the cultivation sys-
tem (Table 12). According to the current ground-
water figures, a mean 0.05 µg/L and a median
0.03 µg/L) and to the annual precipitation excess
0.2 m ( = 2 000 000 L/ha) the outputs of cadmium
via leaching in Finland could be 0.100 and 0.060
g/ha/a, respectively. These values are quite simi-
lar to the respective figures obtained by the
Christensen´s algorithm. In the Netherlands,
Moolenaar and Lexmond (1998) evaluated cad-
mium losses via leaching and resulted in a leach-
ing rate of 0.060 g/ha/a. Their adsorption model
was the following: c = 0.19qi
1.47 where c = Cd
concentration in solution (mg m-3) and qi = the
initial Cd concentration in soil (mg kg-1). High
pH and CaCO3 content were the key factors for
this low cadmium leaching in the Netherlands.
An application of this formula to the Finnish con-
ditions gives Cd leaching rate of 0.057 g/ha/a. In
Finland,low pH of the cultivated soils has an in-
creasing effect on the cadmium leaching, but a
high organic matter content, a high clay content
and regular liming have a decreasing effect on it.
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According to Christensen´s algorithm leach-
ing rate will increase by 8% in the average field,
and decreased by 2% in the potato field, and by
31% in the sugar beet field while no changes will
occur in the wheat field, if the typical Finnish P-
fertilizers will be used for 100 years. A clear in-
crease, from 5 to 42%, was observed, if the cad-
mium content of P-fertilizers will be the maximum
allowable in Finland. If the European type ferti-
lizers will be used an increase in leaching rates
will vary between 40-123%.  The highest leach-
ing rate will be found in the potato cultivation.
In conclusion, the Finnish pure P-fertilizers
seem to be an efficient way to manage the leach-
ing rate of cadmium from the soil to the waters.
However, P-fertilizers meeting the Finnish cad-
mium limit requirement may clearly increase cad-
mium leaching rate when applied no longer than
for 100 years. Respectively, typical European fer-
Table 12. Cadmium leaching rate, g/ha/a, from soil at different times and at different Cd contents
of P-fertilizers and changes (%) over 100 years.
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tilizers may more than double the cadmium leach-
ing rate. That will be a harmful trend for the
water environment.
3.5.2.3 Cadmium content in soil
When the current Finnish P-fertilizers will be used
no changes will occur in the soil cadmium con-
tent in the wheat fields during a 100-year period
(Table 13). However, in the average field the Cd
content will increase by 9%, obviously due to the
Cd inputfrom manure. Instead, soil cadmium will
decrease in the potato fields by 1% and in the
sugar beet fields even by 31%.
By using the medium-Cd P-fertilizers, the soil
cadmium content will increase by about 40% in
the potato fields, by about 20% in the wheat and
average fields and by 5% in the sugar beet fields.
In the case of high-Cd fertilizers, increases in the
soil cadmium varied from 40% in the average
fields to 125% in the potato fields.
Table 13. Cadmium contents of soil, mg/kg d.m., at different times and at different Cd contents of
P-fertilizers and changes (%) over 100 years.
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At the end of 100-year period, the soil cadmi-
um content, 0.473 mg/kg d.m., estimated for the
potato cultivation at the high-Cd P-fertilizers was
close to the Finnish limit value (0.5 mg/kg d.m.)
for cultivated soils receiving sewage sludge
(Council of State decision Nr 282/1994).
Soil cadmium concentrations shown by the
100-year scenarios based on Christensen´s algo-
rithm, but also based on Anderson´s algorithm,
were in a good accordance with the respective
values obtained in the static mass balance calcu-
lations (Tables 14-17) in which the mean value
for Cd leaching, 0.060 g/ha/a,  was based on a
Swedish report (Andersson 1992).
In conclusion, the Cd content of P-fertilizers
will have a remarkable influence on the soil Cd
contents. Due to high application rate of P-ferti-
lizers and low cadmium concentration of potato
tubers, cadmium will be accumulated exception-
ally fast in the soil under potato cultivation. By
using the medium-Cd  fertilizers in the potato
cultivation the soil Cd  will be doubled during
100 years. That must have an impact on soil eco-
system. Instead, sugar beet seems to clean the soil
from cadmium, if the fertilizers will be of the Finn-
ish good quality. Even in the case of the low-Cd
P-fertilizers, the soil Cd content will increase, if
also animal manure and/or other wastes will be
applied to the fields.
Cadmium in soil at steady state
At the low-Cd P-fertilizers, the soil Cd content
at the steady state (SS) will be equal to the present
soil Cd content, 0.21 mg/kg d.m., in the wheat culti-
vation (Table 18). In the potato and especially in
the sugar beet cultivation, the steady state soil Cd
will be lower than the present soil Cd content. In
the average field which will receive manure, the soil
Cd (SS) will be 0,433 mg/kg d.m. This is near to the
Table 14. Static mass balances of cadmium in fields of southern Finland (including plant cultivation
zones of I-III) in 2000 by using P-fertilizers containing cadmium 2.5, 50 or 138 mg/kg P and accu-
mulation of cadmium in cultivated soils by 2100.
49
Table 15. Static mass balances of cadmium in wheat fields of southern Finland (including plant cul-
tivation zones of I-III) in 2000 by using P-fertilizers containing cadmium 2.5, 50 or 138 mg/kg P
and accumulation of cadmium in cultivated soils by 2100.
Table 16. Static mass balances of cadmium in potato fields of southern Finland (including plant cul-
tivation zones of I-III) in 2000 by using P-fertilizers containing cadmium 2.5, 50 or 138 mg/kg P
and accumulation of cadmium in cultivated soils by 2100.
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Table 17. Static mass balances of cadmium in sugar beet fields of southern Finland (including plant
cultivation zones of I-III) in 2000 by using P-fertilizers containing cadmium 2.5, 50 or 138 mg/kg P
and accumulation of cadmium in cultivated soils by 2100.
soil limit value presented in the national sewage
sludge regulation (Council of State decision Nr 282/
1994).
When medium- or high-Cd P-fertilizers will be
used the soil Cd contents at the steady state will
be very high and will vary between 0.238-1.054
or 0.581-2.667 mg/kg d.m., respectively. These
figures are 2-13 times greater than the present
soil Cd contents. All the Cd concentrations in soils
that will exceed 0.5 mg/kg d.m. can be consid-
ered too high for the cultivated soils.
3.5.2.4 Cadmium output via erosion
Finnish measurements on Cd in eroded soil parti-
cles are not available from cultivated soils. An
annual loss of total solids from the Finnish fields
may vary from 50 to 7000 kg/ha depending on
many factors like soil type, slope of the fields,
precipitation etc., as reported by Uusi-Kämppä
(1989). If the mean annual loss of total solids from
cultivated soil is supposed to be 500 kg/ha, the
amount of Cd eroded annually is 0.105 g/ha based
on the mean total concentration of Cd in Finnish
cultivated soils,0,21 mg/kg d.m. (Sippola and
Mäkelä-Kurtto 1986). This erosion value was used
as an initial value in the accumulation module.
The 100-year scenarios show that Cd outflux-
es via erosion (Table 19) will vary between 0.073
and 0.235 g/ha/a and will relatively increase in
the same proportion as the soil Cd content will
do. The outflow of cadmium from the soil to the
surface waters via erosion is directly depended
on the soil Cd content.
In conclusion, the rate of Cd outfluxes from
the soil to the surface waters via erosion directly
depends on the soil Cd content.
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Table 18. Soil cadmium contents, mg/kg d.m., at steady state at different  Cd contents of
P-fertilizers.
3.5.2.5 Cadmium content of crops
The algorithm of Eriksson et al. (1996) for wheat
grains gave the same Cd content as presented in
Finland by Niemi and Hallikainen (1993) but for
the potato tubers to some extent higher than that
reported by the same researchers (Table 20). The
algorithm of Sippola (2000) resulted in the same
Cd concentration for the sugar beet roots as
measured by Sillanpää and Jansson (1991).
The 100-year scenarios indicated that if Cd
inputs from the fertilizers will increase, the Cd
contents will increase relatively more slowly in
the crops than in the soil.  However, the clearly
fastest increase will occur in wheat grains which
are the main source of Cd intake for human pop-
ulation in Finland and in Europe.
With the current low Cd input rate from the
P-fertilizer, the Cd contents of the Finnish wheat
grains and potato tubers will not increase during
the 100-year period, but a clear decrease will
occur in the sugar beet roots. If the medium-Cd
fertilizers will be used, the Cd contents of wheat,
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Table 19. Cadmium output rates via erosion, g/ha/a, at different times and at different Cd contents
of P-fertilizers and changes (%) over 100 years.
potato and sugar beet will increase by 12, 7, and
2%, respectively. The use of the high-Cd fertiliz-
ers will result in the increases of 34, 20, 21%,
respectively.
In conclusion, the algorithms tested in this
study estimated rather well the Cd contents of
the crops, in general. The Finnish low-Cd P-ferti-
lizers will keep the Cd content of wheat constant
in the future. In the case of potato and sugar beet,
the Cd contents will decrease to some extent. In-
stead, medium-Cd fertilizers will increase the Cd
content of wheat by 12%, potato by 7% and sug-
ar beet by 2%. Respectively, the high-Cd fertiliz-
ers will cause increases of  34, 20 and 21%.
3.5.2.6 Cadmium uptake by plants
At the initial time (0), Eriksson´s algorithm un-
derestimated Cd uptake by wheat (Table 21) as
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compared to the real value, 0.195 g/ha/a, while
Eriksson´s algorithm overestimated the uptake by
potato to some extent as compared to the value,
0.222 g/ha/a, measured in practice. Instead,
Sippola´s algorithm gave for the sugar beet a Cd
uptake which was precisely the same as calcu-
lated according to the real Cd concentration and
the real yield of sugar beet roots. According to
the scenarios the cadmium uptake by plants will
directly increase in the same proportion as the
Cd contents of the crops will increase. Cadmium
outflows via crops will vary by wheat between
0.168-0.225 g/ha/a, by potato 0.254-0.303 g/ha/
a and by sugar beet 1.467-1.776 g/ha/a depend-
ing on the plant Cd contents. Cadmium output
Table 20. Cadmium contents  in crops, µg/kg d.m., at different times and at different  Cd contents
of P-fertilizers and changes (%) over 100 years.
via crops from the soil can be remarkable, be-
cause cadmium outflow via the crops can be
greater than Cd outflow via leaching and ero-
sion together.
In conclusion, cadmium uptake by the crops
will directly increase in the same proportion as
the Cd contents of the crops will increase. Cad-
mium output via crops from the soil can be re-
markable, because cadmium outflow via the
crops can be greater than Cd outflow via leach-
ing and erosion together.
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3.5.3 Conclusions on accumulation module
Dynamic model and scenario estimations in the
cadmium accumulation module were carried out
according to the methodology recommended by
ERM. The algorithm of Christensen for determin-
ing the distribution coefficient (KD) of cadmium
in soil was considered to be the most suitable for
the Finnish circumstances. Results presented here
are based on that algorithm and on the 100-year
time scale. Results from these dynamic scenario
estimations were in a good accordance with the
respective results from the static mass balance
calculations.
By using the P-fertilizers with current Finnish
cadmium content of 2.5 mg/kg P, cadmium con-
centrations in soil, soil water and crop will re-
Table 21. Cadmium uptake rates  by crops, g/ha/a, at different times and at different Cd contents of
P-fertilizers and changes (%) over 100 years.
main unchanged in the wheat cultivation in which
cadmium inputs and outputs are balanced at
present and will be in the future, too. In the pota-
to cultivation, the cadmium concentrations will
even decrease a little, but in the sugar beet culti-
vation, they will decrease remarkably. It means
that perhaps potato, but most likely sugar beet
fields will be purified gradually.
A clear increase in the concentrations of soil,
soil water and crop will occur in all the cultiva-
tion systems studied, if the cadmium content of
P-fertilizers will meet the Finnish cadmium limit
value, 50 mg/kg P. The increase in crops will be
the highest in wheat grains.
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Summary table 22. Changes (%) over 100 years in cadmium concentrations of soil, soil water and
crops at different cadmium contents of P-fertilizers and soil cadmium concentrations at steady
state, respectively.
If the P-fertilizers will contain cadmium 138
mg/kg P which is a European mean, the cadmium
concentration in soil, soil water and crops will
radically increase in all the cultivation systems.
The increase will be the highest in the wheat crops
and potato fields. Scenario estimations indicated
that wheat and potato cultivation will be excep-
tionally sensitive to cadmium inputs. Extra-pure
P-fertilizers will be needed to prevent contami-
nation of wheat crops and potato fields.
The outfluxes of Cd via leaching and erosion
were directly related to the accumulation of Cd
in the soil and the offtakes of Cd by plants were
directly related to the accumulation of cadmium
in the crops. Cadmium output via crops from the
soil can be remarkable, because it can be greater
than Cd outflow via leaching and erosion together.
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3.6 Predicted environmental concentrations (PEC)
3.6.1 PEC in agricultural soil
1) PEC in soil
Measured monitoring data (from the year 1987)
i.e. measured mean extractable concentrations of
cadmium (mg/kg) have been used in derivation
of PEC in soil. In addition, 90-percentile values
of the measured data as recommended in the EU
Technical Guidance Document for New and Ex-
isting Substances (TGD) have also used in deri-
vation of  PEC  (see Table 23). According to the
TGD the 90-percentile values of the measured
data are of highest preference and can be consid-
ered as a realistic worst case, whereas the aver-
age concentrations may underestimate the risk.
Mobile or easily mobilizable AAAc-EDTA-ex-
tractable cadmium has been considered to repre-
sent better than total cadmium the bioavailable
cadmium fraction in soil.
2) PEC in soil pore water
The most relevant exposure route for many
soil organisms is through soil pore water. It is also
generally agreed that uptake of cadmium by
plants takes place via soil pore water. Therefore,
also PEC in soil pore water (cadmium concentra-
tion µg/l) was derived by using Christensen´s al-
gorithm with three different concentrations of
cadmium in fertilizers, in four different fields and
for a100 years period (Table 24, see also Table 11).
Table 23. PECs in soil in five different cultivation zones in Finland (AAAc-EDTA -extractable
Cd (mg/kg).
3.6.2 PEC in water
No relevant measured data are available on cad-
mium contents in surface waters nearby agricul-
tural fields. The background concentrations of
cadmium in Finnish lakes is generally low. Ac-
cording to NIVA (1999) a median concentration
of cadmium in Finnish lakes located throughout
Finland and selected at random is 0.01 µg/l. The
90-percentile value for cadmium in surface wa-
ters is 0.03 µg/l.  Elevated cadmium concentra-
tions are found in north of and in west of Fin-
land. Cadmium concentration in Finnish rivers is
typically between 0.01 - 0.04 µg/l (Tarvainen et
al. 1997).
ERM (2000) does not give any detailed instruc-
tions on how to calculate PEC in water. PEC in
water has been derived from soil pore water con-
centrations by using dilution factor 10 and by
adding the background concentration to the lo-
cal concentration, i.e. soil pore water concentra-
tion as recommended by the TGD. 90-percentile
value of 0.03 µg/l has been used as a background
concentration representing the realistic worst case
situation (Table 24).
3.7 Effects assessment
Data on the effects on terrestrial and aquatic or-
ganisms are basically taken from reviews of cad-
mium made by WHO (1992), CEPA (1994) and
Ros and Slooff (1988).
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Table 24. PECs in soil pore water and in water based on Christensen‘s algorithm
3.7.1 Agricultural soil
The uptake and toxicity of cadmium in terrestri-
al organisms is greatly influenced by a number
of environmental factors effecting the bioavai-
lability, such as soil pH, cation exchange capac-
ity (CEC), organic matter (OM), clay content,
redox potential, the presence of metals and other
ions and the binding species of cadmium (Char-
don, W.J. 1984, ref. in Ros and Slooff 1988). The
bioavailability of Cd is higher at lower pH, low-
er CEC and lower OM content.
3.7.1.1 Toxicity to microorganisms
In CEPA (1994) eight studies were identified on
the effects of cadmium on soil metabolic pro-
cesses. A level of 2.9 mg Cd/l (cadmium com-
pound not spesified) caused a 60% reduction in
nitrification (soil pH = 6.4, clay content = 7.7 %)
over 60 days (Kobus and Kurek 1990, ref. in
CEPA 1994).
Data reviewed by Ros and Slooff (1988) show
that soil microbial process may be inhibited: car-
bon transformation at > 7 mg Cd/kg of soil, ni-
trogen transformation at > 50 mg Cd/kg of soil,
and the activity of sensitive enzymes at > 4 mg/
kg of soil. Bewley and Stotzky (1983, ref. in
WHO 1992) investigated the effect of cadmium
(100 and 1000 mg/kg soil) on carbon minerali-
zation and on the mycoflora in glucose-supple-
mented soils amended with clays (kaolinite or
montmorillonite) at 9%. Cadmium had no signif-
icant effect on the length of the lag period, car-
bon dioxide evolution or on the amount of car-
bon mineralized.
Naidu and Reddy (1988, ref. in WHO 1992)
incubated cotton soil (0.8% organic carbon, 55%
clay) for up to 8 weeks in the presence of CdCl2
at concentrations of between 10 and 500 mg Cd/
kg. The ammonical nitrogen (NH4-N) concentra-
tion increased for the first week at all treatment
levels and then decreased at the concentrations
of 50 mg/kg or less. The rise in NH4-N levels led
to an increase in nitrate nitrogen (NO3-N) levels.
At all cadmium concentrations there was a sig-
nificant accumulation of nitrite nitrogen (NO2-
N) in every sample time, suggesting, according
to the writers, that cadmium might be toxic to
soil nitrification. At all exposure levels cadmium
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significantly depressed both bacterial and fungal
populations. Concentrations of 10 or 50 mg Cd/kg
had no effect on soil actinomycetes, but both 100
and 500 mg/kg significantly reduced the
population.
Levels of cadmium in soil (cadmium chloride)
of 2.0 mg Cd/kg (d.w.) and 5.0 mg/kg (d.w.) in-
hibited colonization of ectomycorrhizae on white
pine (Picea glauca) roots by 62% and 87%, re-
spectively (Dixon and Buschena 1988, ref. in
CEPA 1994).
3.7.1.2 Toxicity to terrestrial invertebrates
The toxicity of cadmium to terrestrial inverte-
brates is summarized in Table 25.
In the study of Schmidt et al. (1991) the LOEL
for exposure to cadmium (CdCl2) in soil (sandy
substrate) was 2 mg CdCl2/kg (d.w.) (1.23 mg Cd/
kg). This concentration caused a significant re-
duction (15%) in egg hatching of the grasshop-
per (Aiolopus thalassinus). Also, the growth rate
of adults was significantly impaired (8.5 to
12.5%) over a two generation soil test at the same
cadmium concentration.
3.7.1.3 Toxicity to agricultural crops
Cadmium has been shown to have an adverse
effect on plant growth and yield in laboratory
experiments. However, plants grown in soil are
generally insensitive to the effects of cadmium
except at high doses. Effects are only seen when
cadmium is given in nutrient solutions rather than
in soil, where the cadmium is bound and is there-
fore less available to the plants. Cadmium is only
available to plants in solution in soil (WHO
1994).
Toxicity studies on plants are related mainly
to effects on growth and yield and on some phys-
iological parameters. The effects largely depend
on plant species and soil properties; 25% yield
decrement is observed at 2-250 mg Cd/kg soil and
at 15-160 mg Cd/kg plant tissue. Toxic symptoms
in potatoes are observed at 5 mg Cd/kg in a sandy
clay soil, not in sandy and clay soils (Ros and
Slooff 1988).
Table 25.  Toxicity of cadmium to terrestrial invertebrates.
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Mahler et al. (1978, ref. in WHO 1992) treat-
ed eight soils, the pH values of which ranged from
4.8 to 7.8 with 1 % (by weight) sewage sludge
containing added cadmium sulphate, leading to
cadmium concentrations in the soil ranging from
0.1 to 320 mg/kg. Two plants, lettuce (Lactuca
sativa variety longifolia) and Swiss chard (Beta
vulgaris variety cicla) were grown in the soils in
pots. The EC50 (yield) for lettuce was 214 and
139 mg/soil for acid and calcareous soils, respec-
tively. The EC50 values for chard were 175 and
250 mg/kg for acid and calcareous soils. The cor-
responding tissue concentrations of cadmium as-
sociated with these effects were 470 and 160 mg/
kg for lettuce and 714 and 203 mg/kg for chard.
In CEPA 1994 data on the toxicity of cadmi-
um to terrestrial plants were identified for 17 spe-
cies from six families. The cadmium levels in soil
that elicited adverse effects on these species
ranged from 4.0 to 171 mg Cd/kg (d.w.). Spinach
was identified as the most sensitive  species; the
LOEC of 4.0 mg Cd/kg (CdSO4) caused a 30%
reduction in the yield during a 90-day study (soil
pH 6.6, clay content 69%)(Coppola et al. 1988,
ref. in CEPA 1994). Even lower values were ob-
tained in the study reviewed by Krajnc et al.
(1987), where EC10 values for growth inhibition
of spinach of 0.9 - 1.5 mg Cd/kg sand, 0.8 - 1.8
mg Cd/kg sandy clay and 2.4 - 3.5 mg Cd/kg clay
could be derived. In this study Cd was applied to
soil as Cd(NO3)2.
The yield dependent-toxicity-limit for Cd con-
tent in sensitive crops is about 1-5 mg/kg (Ros
and Slooff 1988).
3.7.1.4 Toxicity to birds
In WHO (1992) data were reviewed on the sub-
acute toxicity of cadmium salts to four species
on birds (summarized in Table 26). Dosing for 5
days, followed by 3 days of clean diet, resulted in
LC50 values ranging from 767 to > 5000 mg/kg diet.
Altered kidney morphology or function are
considered to be the most widely accepted end-
points of toxicity in both wild birds and mam-
mals. According to CEPA 1994 a renal concen-
tration of 100 mg of Cd/kg (f.w.) is the best esti-
mate of treshold toxicity in wild birds. Wood
ducks (Aix sponsa) fed cadmium in their diet for
3 months showed widespread renal pathological
changes at an average renal concentration of 132
mg of Cd/kg, but not at 62 mg/kg (Mayack et al.
1981, ref. in CEPA 1994).
Captive mallard ducks exposed to cadmium in
their diet exhibited moderate to severe tubular de-
generation over a renal cadmium concentration
range of 88 to 134 mg of Cd/kg (White et al. 1978,
ref. in CEPA 1994).
Nicholson and Osborn (1983, ref. in CEPA
1994) detected necrosis of renal proximal tubule
cells in free-living seabirds from Britain and ex-
perimentally in starlings (Sturnus vulgaris) at kid-
ney concentrations of 10 to 70 mg Cd/kg (f.w.).
However, Elliott et al. (1992, ref. in CEPA 1994)
examined several species of seabirds collected on
the Atlantic Coast of Canada and found no renal
lesions in birds up to 83 mg Cd/kg (f.w.) in the
kidney.
3.7.1.5 PNEC for terrestrial species
PNEC-value based on 5th percentile of a log-lo-
gistic distribution of NOEC -values as recom-
mended by ERM (2000) has not used in the PNEC
-derivation as the statistical method is not yet
validated in EU but is still under debate. Further-
more, the principles and criteria of choosing the
studies in the Belgian draft Cd risk assessment,
to which ERM (2000) is referring, are not clear
enough.
Therefore, in this study PNEC was derived by
applying the assessment factor method. PNEC for
terrestrial species was derived from a study on
grasshoppers, which gave the second lowest
NOEC -value in terrestrial compartment. Accord-
ing to the Technical Guidance Document a LOEC
can be used to derive a NOEC with the following
procedure: if the effect percentage of the LOEC
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Table 26. The toxicity of cadmium salts to birds.
is >10 and <20%, NOEC can be calculated as
LOEC/2. So, NOEC for Aiolopus thalassinus
would be 1.2/2 mg/kg = 0.6 mg/kg. Applying an
assessment factor of 10 gives a PNEC of 0.06 mg/
kg. The factor 10 was chosen because long-term
data are available for more than three trophic
levels.
Also according to the TGD an EC10 for a long-
term test which is obtained by extrapolation us-
ing appropriate statistics can be considered as a
NOEC. Hence, the EC10 of 0.8 mg/kg for growth
inhibition of spinach could be considered as
NOEC. Althoug the NOEC for spinach is lower
than the NOEC for grasshopper, the NOEC for
grasshopper was selected for deriving the PNEC
for the terrestrial compartment because grasshop-
pers are considered to represent better soil spe-
cies exposed in agricultural land. In addition,
plants grown in soil are generally considered in-
sensitive to the effects of cadmium and spinach
was not considered to be representative species
of the plants grown in agricultural soil.
PNEC soil = 0.06 mg/kg
Although ERM (2000) does not give much in-
structions for calculation of PNEC representing
a bioavailable form, an attempt was made to cal-
culate PNEC in soil porewater. The PNEC of 0.06
mg/kg which is the total cadmium concentration
in the soil was transformed to cadmium concen-
tration in soil pore water by using the adsorption
algorithm of Christensen. However, there were
very little information available about the char-
acteristics of the soil used in the study. The study
report only stated that the soil used was stand-
ardized sandy substrate. Therefore the default
values for pH and organic matter content (%)
were assumed to be 7 and 3, respectively. In ter-
restrial ecotoxicological studies the pH of the soil
is recommended to be adjusted close to neutral
(pH 6.5 -7.5).
PNECsoil pore water = 0.035 µg/l
This value, however is subjected to consider-
able uncertainty because the calculation of PNEC
in soil pore is very much dependent on pH-val-
ues used in the algorithm. The lower the pH-val-
ue was the higher the PNEC in soil pore water
was obtained. Organic matter content did not
influence that much.
In Ros and Slooff (1988) two different theo-
retical procedures were used to calculate “safe
levels” for the terrestrial environment. Applica-
tion method of Kooijman (1985) led to a level of
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0.005 µg Cd/kg. Application of the method of van
Straalen led to a “safe level” of 0.23 mg Cd/kg.
The third method of van Straalen and Denneman
(1989) took soil organic matter and clay content
into account and a concentration protecting 95%
of soil invertebrates was estimated as 0.16 mg
Cd/kg for a standard soil.
3.7.2 Aquatic compartment
The literature relating to the toxicity of cadmi-
um in the aquatic environment is very extensive.
In the evaluation of the tests most of the results
presented here have been taken from the detailed
reviews without assessing the original papers.
However, only those studies in which proper con-
trol was used and abiotic parameters were re-
ported (e.g. pH, hardness) were considered in this
assessment report. Regardless of the original cad-
mium compound used in laboratory exposures,
the free ion is considered to be the most bioavai-
lable and toxic chemical species (Rainbow 1990,
ref. in CEPA 1994).
Cadmium uptake from water by aquatic or-
ganisms is extremely variable and depends on the
species and various environmental conditions as
water hardness, salinity, temperature, pH and an
organic matter content.
In general, cadmium is more toxic to aquatic
species at low pH (5 to 7), low salinity (< 15 ‰)
and in soft water (<100 mg/l calcium carbonate)
(Wong 1987, Sprague 1987, Langston 1990, Voy-
er and McGovern 1991, all ref. in CEPA 1994).
However, some species have shown no pro-
nounced differences in toxicity over various rang-
es in the above-noted physical/chemical parame-
ters (Canton and Slooff 1982, ref. in CEPA 1994).
Cadmium forms complexes with natural hu-
mic substances. Complexation of metal ions usu-
ally reduces their effective concentration in wa-
ter and, in many cases, also their biological
availability and toxicity to animals. In the case
of cadmium, however, there  are studies that show
that humic acid in test water increases the acute
toxicity of cadmium (Winner 1984, Virtanen et
al. 1989). The acute toxicity (48-h LC50) of Cd to
neonatal Daphnia magna was in humic-free con-
trol water (pH 6.5, hardness 0.5 mmol/l) 99 µg/l
compared to the LC50 of 12 µg/l in natural humic
water (pH 6.5, hardness 0.1 mmol/l) (Virtanen et
al. 1989). According to Penttinen et al. (1995)
enhanced toxicity of cadmium was due to uptake
rates two times faster than those of humic-free
reference water. Since the depuration rates were
equal, an acutely lethal body burden was reached
faster in the humic than in the reference water.
The humic water, however, was softer than the
reference water and in the study of Penttinen et
al., the effect of water hardness on accumulation
of Cd was more significant than the effect of dis-
solved organic carbon (DOC). Nevertheless, the
effect of water hardness is not the only explana-
tion for the altered toxicity, since the interaction
between water hardness and DOC was also very
significant.
3.7.2.1 Acute toxicity to fish
In CEPA (1994) data were reviewed on the acute
and chronic toxicity of cadmium compounds to
22 species on freshwater fish, representing eight
families. In WHO (1992) data were reviewed on
the acute toxicity of cadmium compounds to 11
species on freshwater fish. The acute toxicity of
cadmium to fish is summarized in Table 27. The
salmonids appeared to be the most sensitive group
as a whole with a lowest 96-hour LC50 of 0.7 µg/l
(Salmo gairdneri). The 96-h LC50 of the other
species appears to be in the range of 0.001-11.1
mg/l.
3.7.2.2 Chronic toxicity to fish
In the long-term toxicity tests the salmonids ap-
peared to be the most sensitive group (as in acute
tests, too) with the lowest LOECs of 0.2 and 0.47
µg/l. The summary of the results of the long-term
toxicity tests is shown in Table 28.
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3.7.2.3 Toxicity to invertebrates
Cadmium is moderately to highly toxic to aquat-
ic invertebrates. Cadmium is lethal to freshwa-
ter invertebrates (Daphnia sp.) following static
short-term exposures (48 hours) in hard water to
cadmium chloride concentrations as low as 3.6
µg Cd/l (Baird et al. 1991, ref. in CEPA 1994).
The 48-h LC50 of the other species varies in the
range of 0.02 - 4.25 mg/l (see Table 29).
When Schuytema et al. (1984, ref. in WHO
1992) exposed Daphnia magna to cadmium, the
mean 48-h LC50 value was 39 µg/l in water and
91 µg/l in a watersediment slurry.
3.7.2.4 Chronic toxicity to invertebrates
In CEPA 1994, data on lethality, and the effects
of cadmium compounds on reproduction and
growth were examined for 28 species of fresh-
water invertebrates representing six broad taxo-
nomic groups. Crustaceans were the most Cd-
sensitive group of invertebrates, while aquatic
insect larvae were the most tolerant. The sum-
mary of the results of the chronic toxicity studies
is shown in Table 30.
The laboratory-derived chronic threshold is
strongly supported by field work in experimental-
ly-contaminated lakes in northwestern Ontario
where the abundance of two Cladoceran species
(Daphnia galeata mendotae and Holopedium gip-
perum) was reduced by 39% and 28%, respec-
tively, following a 14-day exposure to 0.2 µg Cd/l
(CdCl2) using in situ flow-through containers. In
a whole lake contamination experiment, exposure
to cadmium chloride concentrations at and be-
low 0.08 µg Cd/l had no observed effects on the
composition or abundance of most zooplankton
species (Malley and Chang 1991, ref. in
CEPA).
3.7.2.5 Toxicity to aquatic microorganisms
Canton & Slooff (1982) exposed the bacterium
Salmonella typhimurium to the cadmium in the
form of the chloride, and calculated an 8-h EC50
(growth inhibition) of 10.4 mg/l and NOEC of
Table 28. Summary of the results of the long-term toxicity tests with Cd2+.
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0.65 mg/l (hardness of 0.5 mmol/l). Chapman &
Dunlop (1981, ref. in WHO 1992) estimated the
8-h LC50 for the freshwater protozoan Tetrahy-
mena pyriformis to be less than 1 mg/l. However,
this value increased with increasing water calci-
um concentration; at a value of 500 mg calcium/
l, the LC50 was 19 mg/l.
3.7.2.6 Toxicity to algae
In freshwater species (Table 31) toxic effect were
demonstrated mainly below 1 mg Cd/l. NOEC
levels were in the range of 0.7 - 3.1 mg/l. Some
species showed reduced growth at relatively low
Cd concentrations, the diatom Asterionella for-
mosa at 0.002 mg/l and the green alga Scenedes-
mus quadricauda at 0.006 mg/l.
The diatom algae, Tabellaria flocculosa, is the
most sensitive freshwater algae tested; morphol-
ogical changes in this species following a 14-day
static renewal exposure to cadmium (CdNO3) was
reported at 1 µg Cd/l (=LOEC) (Adshead-Si-
monsen et al 1981).
3.7.2.7 Toxicity to aquatic plants
Hutchinson & Czyrska (1975, ref. in WHO 1992)
exposed a common duckweed Lemna minor, to cad-
mium concentrations of between 0.01 and 1.0 mg/l
for up to 3 weeks. Growth was reduced at all con-
centrations but especially at 0.05 mg/l or more. At
concentrations 0.5 and 1.0 mg/l Lemna plants died.
Loss of green coloration (chlorosis) was a common
symptom of cadmium toxicity.
In a study by Nir and al. (1990, ref. in WHO
1992), water hyacinth plants were exposed to
cadmium concentrations between 0.05 to 1.0 mg/l
for 7 days. Concentrations of 0.1 mg/l or less had
no significant effect on wet or dry biomass gain
or on chlorophyll a content. Concentrations of
0.4 or 1.0 mg/l significantly reduced both biomass
gain and chlorophyll a content but had no signif-
icant effect on dry biomass gain. After 3 weeks
of exposure, the chlorophyll a levels in plants
exposed to 0.4 mg/l were 75% lower than in
control plants.
3.7.2.8 PNEC for the aquatic species
PNEC-value based on the 5th percentile of a log-
logistic distribution of NOEC-values and PNEC-
value calculated as a function of water hardness
as recommended by ERM (2000) are not used in
this report because the statistical method is not
yet validated in EU but is still under debate and
the principles of choosing the studies into the ex-
trapolation are not enough clear. Besides, the soft
waters of Finland are not sufficiently taken into
account in the PNEC-value calculated as a func-
tion of water hardness. Therefore, in this study
PNEC was derived by applying the assessment
factor method.
 Long term NOEC data are reported for fish,
Daphnia and algae. For Daphnia two 20 days
NOECs of 0.37 µg/l and 0.5 µg/l based upon mor-
tality and reproduction, respectively, is reported.
The NOEC value of 0.37 µg/l is the extrapolated
value; effects could still be observed in the low-
est test concentrations, the EC20 value was con-
sidered as NOEC. According to the TGD an EC10
for a long-term test can be considered as a NOEC.
For Daphnia a 21-day LOEC of 0.17 µg/l based
upon reproductive output is reported for Daph-
nia magna. According to the Technical Quidance
Document a LOEC can be used to derive a NOEC
with the following procedure: if the effect per-
centage of the LOEC is >10 and <20%, NOEC
can be calculated as LOEC/2. According to this,
the NOEC for the Daphnia would be 0.17/2 µg/l
= 0.085 µg/l. For fish a 46-day LOEC of 0.47 µg/
l based upon growth of Salmo salar alevins is re-
ported. According to the same calculation meth-
od as with Daphnia, the NOEC for the fish would
be 0.47/2 µg/l = 0.24 µg/l.
The PNEC for the aquatic compartment is
extrapolated from the lowest NOEC of 0.085 µg/l
for Daphnia magna using an extrapolation fac-
tor of 10. This factor is chosen because chronic
data are available for three trophic levels and,
additionally, these NOECs seem to cover the most
sensitive taxonomic groups. The extrapolation
leads to a PNEC for the aquatic environment of
0.0085 µg/l.
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Table 30. The results of the chronic toxicity of cadmium to aquatic invertebrates.
Table 31. Effects of cadmium on algae.
PNECaquatic = 0.0085 µg/l
For cadmium short term L(E)C50s are report-
ed for fish, invertebrates, algae and microorgan-
isms. All data are from validated sources. The
lowest acute LC50 reported is for fish (Salmo
gairdneri) with a 96 -h LC50 of 0.7 µg/l.
In Table 32 a summary is given of the lowest
LC50 and NOEC values taken into a account in
deriving the PNEC values. Because the toxicity
of cadmium is clearly affected by water hardness,
the PNECs have been derived for both soft water
(<50 mg CaCO3/l, typical for Finnish waters) and
hard water > 50 mg CaCO3/l. In Table 32 also
the calculated “safe” levels presented in Ros and
Slooff 1988 are included.
3.8 Risk characterization
The risk for the environment caused by the chem-
ical is assessed by comparing the environmental
exposure (expressed as PEC) with the threshold
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 Table 32. PNEC values for Cd for aquatic species based on the lowest LC50 and NOEC-values.
concentration for harmful effect in the environ-
ment (expressed as predicted no-effect concen-
tration, PNEC). Thus, an estimate of the envi-
ronmental risk is the ratio PEC/PNEC. If the PEC/
PNEC of a chemical is greater than 1, there is a
risk for adverse effects in the environmental com-
partment concerned.
3.8.1 Agricultural soil
When comparing the measured levels of cadmi-
um in Finnish cultivation zones as presented in
table 23 with a PNEC of 0.06 mg/kg, the PEC/
PNEC-ratios below are obtained (Table 33).
In the EU Technical Guidance Document
(1996) it is stated that it is very important that
both PEC and PNEC are based on similar levels
of availability. It is also recommended that for
the metals the PEC/PNEC ratio should be calcu-
lated with the concentrations of the relevant bio-
available metal species. As the study on which
the PNEC was based, was carried out in a sandy
substrate with easily soluble Cd-salts. Hence, the
total concentration of cadmium in the study can
be assumed to be totally as a bioavailable form.
In this case the bioavailable PEC (= extractable
cadmium concentration) was divided with total
PNEC, because if the total PEC was used, the risk
would be overestimated.
Another approach is to compare PEC and
PNEC based on concentrations in soil pore wa-
ter. Therefore, an attempt was made to calculate
PEC/PNEC-ratio in soil pore water (Table 34).
However, it must be kept in mind that the calcu-
lated PNEC in pore water (0.035 µg/l) was high-
ly dependent on pH-value. The default pH value
of 7 was chosen in calculations, but when choos-
ing a lower pH-value there would be no risk. On
the other hand, the PEC in soil pore water is prop-
ably higher today than the values based on data
from the year 1974 represent.
On the basis of the data reported cadmium
would present a risk to the agricultural soil.
3.8.2 Aquatic compartment
The quantitative PEC/PNEC ratio has been cal-
culated for aquatic compartment on the basis of
soil pore water concentration taking into account
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Table 33. PEC/PNEC in soil in five different cultivation zones in Finland.
Table 34. PEC/PNEC in soil pore water
Table 35. PEC/PNEC in water
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dilution and background concentration. No meas-
ured concentrations of cadmium from rivers or
lakes representing cadmium concentration from
agricultural areas are available (Table 35).
On the basis of the data reported cadmium
would present a risk to the surface waters.
When considering the low background con-
centrations of Cd in Finnish lakes i.e. the 90-per-
centile value of 0.03 µg/l and the PNEC-value of
0.0085 µg/l obtained for aquatic species, it can
be noticed that from the theoretical point of view,
a “safe” level can not be established. This means
that all extra Cd load to surface waters is likely
to present a risk to the aquatic compartment.
3.9 Conclusions
The toxicity of cadmium to terrestrial organisms
shows a variable pattern. Plants grown in soil are
generally considered insensitive to the effects of
cadmium, although some exceptions do exist.
Cadmium exhibits moderate or low toxicity to
avian species in subacute exposure. Microorgan-
isms and terrestrial invertebrates show moder-
ate or high sensitivity to cadmium
The predicted no-effect concentration (PNEC)
for soil was derived with the assessment factor
method. Statistical method for PNEC derivation
was not used, as there is a considerable amount
of issues under discussion within EU in relation
to its use. A PNEC of 0.06 mg/kg (total Cd) for
agricultural soil was derived. Also an indicative
PNEC based on soil pore water concentration was
established which, however, is associated with
considerable uncertainty.
In risk characterization for metals in the soil
the PEC and the PNEC should represent the same
level of availability. Due to the uncertainties in
determining the soil pore water concentrations
the results based on them  are not preferred. In-
stead, the most reliable comparison of exposure
and no-effect levels in this study can be performed
using total Cd-concentrations for effect studies,
which usually apply soluble Cd-compounds, and
extractable (AAAc-EDTA) concentrations for soil
concentrations. In general, 40% of the total soil
cadmium is in extractable form in Finnish soils.
Based on the available data the current Cd
concentrations in Finnish agricultural soils present
a risk for the soil environment. This conclusion
can be reached both by using mean extractable
Cd concentrations and 90 percentile values in the
five Finnish cultivation zones for the year 1987.
Only in the northernmost zone the PEC/PNEC
ratio using the mean concentration is below 1.
Risk ratios for the different cultivation zones vary
from 1.2 to 2.8 (90 percentiles values).
Also the indicative risk ratios based on soil pore
water concentrations demonstrate a risk for the soil
environment, with the exception of sugar beet fields.
For other type of fields the risk ratio is 1.4.
The increasing soil concentrations based on
trend calculations, as described in the accumula-
tion module, would lead to greater risks, accord-
ingly. Risk ratios with the average EU Cd level
in fertilizers would increase from 40 to 130 per
cent. The highest risk ratio (3.2) after 100 years
would be found on potato fields.
There are two remarkable differences in the
soil characteristics between Finland and most
other EU Member States affecting the cadmium
content and solubility. They are soil pH and soil
organic matter. The mean pH of Finnish cultivat-
ed soils is only 5.8, in spite of intensive liming.
The other important difference is the high organ-
ic matter content of Finnish soils, due to the slow
decomposition rate of organic matteras a result
of the cold and humid climate. The mean organic
carbon content of cultivated soils in Finland is
9%. These two factors mean that Finnish soils
are capable to accumulate large amounts of cad-
mium in a soluble or easily solubilizable form, and
thus can be generally regarded as vulnerable en-
vironments.
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Cadmium is toxic or very toxic to a variety of
aquatic organisms both in short-term and in long-
term exposure. Invertebrates are usually consid-
ered as the most sensitive group. Cadmium is
more toxic to aquatic species at low pH, low sa-
linity, and in soft water, due to increased bioa-
vailability. A soft water PNEC of 0.0085 µg/l was
derived, also in this case with the assessment fac-
tor method.
The exposure of aquatic environment to cad-
mium leaching from agricultural soils was as-
sessed based on soil solution concentrations, and
by taking into account dilution and background
concentrations in Finnish waters.
Risk characterization reveals that there is risk
for aquatic environment for all calculated sce-
narios, both at present time and in the future. Risk
ratios vary from 3.7 to 4.8.  It is noteworthy that
the aquatic PNEC value (0,0085 µg/l) is coarsely
at the same level as the Finnish cadmium back-
ground values (median 0,01 µg/l). In practice this
means that no margin of safety for aquatic expo-
sure to cadmium can be established, and any in-
crease to the natural background concentrations is
likely to present a risk for the aquatic environment.
The bioavailability, and consequently toxici-
ty, of cadmium in Finnish surface waters is in-
creased by some specific features of the Finnish
environment. Firstly, the pH value of Finnish lakes
is generally low (median pH 6.6, pH < 5 in 10%
of lakes). Secondly, the organic matter content is
high, and thirdly, Finnish waters are very soft
(mean hardness < 10 mg CaCO3). Hence, also
the Finnish aquatic environment is particularly vul-
nerable for adverse effects caused by cadmium.
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4.1 Introduction
In this review, the recent data on cadmium expo-
sure and evidence of health effects of cadmium
are summarized. The emphasis is on exposure of
the general population, i.e. those not occupa-
tionally exposed and on the nephrotoxicity and
effects on bones since these are the most relevant
issues in terms of public health risks caused by
soil Cd-contamination. The most relevant sub-
population is the middle aged and the elderly, due
to long-term accumulation of cadmium in the
human body. Evaluation of carcinogenicity of
cadmium, published by International Agency for
Research of Cancer (IARC) is also presented.
The overall goal of the risk assessment of hu-
man exposure to environmental pollutants  is to
ascertain that the exposure does not cause ad-
verse health effects. The assessment of exposure
should cover all relevant groups of the popula-
tion, especially those who are exposed to high
levels of chemicals (“realistic worst case”). These
principles have been recognised in the Commis-
sion Regulation (EC) 1488/94 on Risk Assessment
for Existing Substances and the Technical Guid-
ance Document (TGD) supporting the regulation.
According to the Technical Guidance Document
1996, upper estimates/maximum exposure and
averages are both needed and “the exposure as-
sessment should be focused on those uses for
which the highest exposure is expected to occur
on a regular basis”.
The critical step in the risk assessment proce-
dure of the TGD is a comparison of the estimat-
ed exposure level and/or the absorbed dose with
the No Adverse Effect Level (NOAEL), which is
usually obtained from the animal experiments.
Since there is much data on the health effects of
cadmium in human, the term “critical levels” is
used in following to refer to the e.g. urinary level
of cadmium, which have caused adverse effects
in humans.
4 HUMAN HEALTH
4.2 Human exposure to cadmium
4.2.1 General discussion
For cadmium as well as with most other environ-
mental pollutants, there is a considerable varia-
tion in human exposure between individuals as
well as between population groups. The factors
that cause variation of exposure level and ab-
sorbed dose are numerous; the most important
factors are listed below:
INTAKE:
Food consumption habits
Local food contamination
Smoking
Drinking water
Ambient air
Occupation
UPTAKE (absorption):
Interactions in pulmonary or intestinal absorp-
tion
Nutrient status, e.g. deficiency of iron, calcium
OTHER FACTORS:
Age
Gender
In this report the emphasis is given to dietary
intake of cadmium and exposure caused by smok-
ing. In Finland, the average exposure to cadmi-
um via drinking water and via ambient air are
0.1 and 0.02 µg/day, respectively (Louekari et al.
1989). These are of less importance as compared
with the average dietary intake (10 µg/day) and
therefore exposure from drinking water and am-
bient air are not considered in detail in this risk
assessment.
When considering the exposure to cadmium it is
important to note that there are several methods
available and each of the methods has got certain
merits and disadvantages (Louekari 1992). Obvi-
ously, estimates of high regular exposure are of great
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importance. Unfortunately, distribution or 90 per-
centile of the urinary cadmium or the dietary in-
take of cadmium, which would give an indication
of realistic high exposures, are very seldom report-
ed. Often only the range of these parameters is re-
ported (see tables 34 and 36).
In the following, the dietary cadmium intake
is discussed, since diet is the main source of cad-
mium exposure in general population. Smokers
are exposed to cadmium in cigarette smoke,
which significantly contributes to the total expo-
sure. Uptake i.e.the absorbed and accumulated
amount of cadmium in human body is measured
by analysing the samples of blood and urine.
Most relevant published studies on these meas-
urements are also summarised below.
4.2.2 Dietary intake of cadmium
The dietary exposure to cadmium is meas-
ured using four different methods, namely the
total diet method, the market basket method,
the duplicate diets method or the faecal cadmi-
um content method.
The average dietary intake of cadmium in the
different countries is between 8.5 (Sweden) and 49
µg/day (Japan) (see Table 36). Environmental con-
tamination and food habits cause remarkable differ-
ences among the countries where dietary intake has
been studied. Elevated dietary exposure is observed
in several countries near the non-ferrous metal in-
dustry, the smelters and the mines.
The high exposures (maximum of the range) in
the studies presented in Table 36 are relatively close
to the respective PTWI-value of WHO (60-70 µg/
day for an adult). It seems that the study popula-
tion (sample size) is often insufficient to reflect the
intake variations and high exposure levels.
Some of the studies only reveal intra-individ-
ual (day to day) variation of cadmium intake, but
it is the inter-individual and long-term variation
that is relevant for risk assessment.
Only a few trend analysis are available on the
dietary intake of cadmium. Ruick (1991) ana-
lysed food samples and dietary intake of cadmi-
um in Sachsen, Germany during 1985-1989. An
increasing trend was observed in both, the die-
tary intake increased from 12 to 19 µg/day.
The maximum values of the long-term dietary
intake of cadmium are 2-3 fold when compared
with the average intake (WHO 1992). Applied
to Finland, where the average exposure in adults
is about 10 µg/day (Kumpulainen 1991, Loueka-
ri 1988), this implies that the maximum dietary
intake is 20-30 µg/day. Some studies (Morgan et
al. 1988, Louekari et al. 1989, Coomes et al. 1982)
suggest that for about 5% of the population, the
dietary intake of cadmium is at least two-fold as
compared with the average intake, i.e. 20 µg/day
for Finland. Vahter et al. (1991) found that in 3
out of 105 duplicate diets of 15 women (27-46
years of age) the cadmium content exceeded 20
µg/day. According to the data on distribution of
exposure in the Finnish population, maximum in-
takes are about 2.5-fold when compared with the
average (Louekari et al. 1989).
Vahter et al (1992 and 1996) has found that in
Sweden vegetarians as well as women who had
diets rich in cereals and root vegetables or shell-
fish had a higher intake of cadmium (17 µg of
Cd/10 MJ) than women eating a mixed diet (14
µg of Cd/10 MJ).   Due to rather similar food
culture and habits, these observations are likely
to apply to Finland as well. Whether a vegetari-
an diet constitutes a special risk factor is uncer-
tain. Some food items, not vegetables but those
of animal origin (liver, kidneys, shellfish), have
especially high concentration of cadmium. In fact,
Vahter et al. (1996) also found that women who
had a diet rich in shellfish had two-fold dietary
In Finland, Cd limit values for plants are: for
potatoes 0.05 mg/kg f.w.; for other vegetables 0.1;
for raw cereals and cereal preparations 0,1; and
for bran, embryos and durum wheat 0.15 mg/kg
f.w. (the decision of Ministry of Trade and Indus-
try Nr 134/1996). In addition to this, there are
Cd limits for some sea originating food stuffs, too.
73
Table 36. Dietary intake of cadmium in different countries.
74
Trend of dietary exposure to cadmium
If dietary exposure to cadmium will increase,
the number of people suffering from renal and
bone effects would increase consequently.
It is estimated in chapter 3.5.2.3, based on
Finnish data, that cadmium concentration in
wheat fields would increase from 0.21 mg/kg
to 0.305 mg/kg in 100 years if Cd content in
phosphate fertilizers is 138 mg/kg of P (Table
13). This Cd content in fertilizer represents the
average current level in Europe. Based on the
Finnish data and algorithms recommended by
the Commission/ERM, the corresponding Cd
content in wheat is about 70 µg/kg, whereas
the present mean concentration is 52 content
in µg/kg (see Table 20). It is assumed that the
increase of Cd content in other cereals is com-
parable to that of wheat ie. 35%.
For potato fields, the current and predicted
soil Cd concentrations are 0.21 and 0.473 mg/
kg (Table 13), respectively. For the potato tu-
ber, the current and predicted Cd contents are
52 and 62.5 µg/kg, respectively (Table 20). This
figures do not represent the concentrations
measured in the Finnish potato, but apply for
algorithm calculations only. The increased of
Cd in other vegetable is assumed to be the same
as in potatoes ie.  20%.
Based on a relatively large number of samples
(totally 250), Kumpulainen (1998) found a clear
difference in average cadmium content in Finn-
ish and imported potatoes, ie. 5 and 30 µg/kg,
respectively. This difference is likely to be due to
different soil parameters and also to the accumu-
lation of cadmium in soils of the countries where
potatoes are imported.
It is assumed that the increase of soil Cd - in 100
years caused by fertilizers which contain 138 mg of
Cd/kg of P - results in about 20% increase of Cd
content of all other food items. From these data, it
is calculated that the dietary intake of Cd would
increase from 9.5 to 13.0 µg/day (Table 37).
4.2.3 Cadmium concentration in blood
The average blood cadmium concentration in the
non-smoking population and in groups including
both non-smokers and smokers is 0.3-1.6 µg/L (see
Table 38). This is consistent with the estimation
of pooled reference values by Alessio et al. (1994).
In the three subgroups of smokers the blood cad-
mium was 1.33 - 2.7 µg/L. Among the smokers
the range of blood cadmium is relatively wide.
Smoking and age but not dietary habits seem to
have a significant influence on the blood cadmi-
um level (Maranelli et al. 1990). Furthermore,
reference values of blood cadmium according to
age group and sex have been presented by Apos-
toli (1992) and Alessio et al. (1990).
The range of blood cadmium also seems to
depend on number of subjects in the study (n).
When n is small (10-50), the maximum of the
range is also small, ie. 2.5 -fold as compared with
the average. When n is greater (50-2500) the
maximum of the range is 3-20 times higher than
the average. This indicates that variation of the
cadmium exposure is large and is not observed in
the studies with small number of samples. The
exposure assessment should cover the groups of
population, which have a high exposure to cad-
mium for various reasons. This is further discussed
in the chapter 4.5.
As in the studies on dietary intake of cadmi-
um, 90- or 95-percentiles and distributions of
blood cadmium level are seldom reported. There-
fore, data on high exposures is incomplete.
Unfortunately, no studies on blood cadmium
level in the general population in Finland is avail-
able.
4.2.4 Cadmium concentration in urine
Data on urinary cadmium in the general popula-
tion, in populations environmentally or occu-
pationally exposed is available. In Finland, the
concentration of cadmium in urine has not been
analysed in the general population.
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Table 37. Mean consumption (g/person/d) and cadmium concentration (µg/kg) of the Finnish food-
stuffs  and mean cadmium intake (µg/person/d and %), (Venäläinen et al. 1999). For the prediction
of the Cd concentration in food items and the prediction of the intake in the year 2100, it was as-
sumed that the Cd concentration in fertilisers is 138 mg/kg P.
In Table 39 urinary cadmium is expressed as
µg/L, µg/24 hour, µg/g of creatinine or µmol/mol
of creatinine. These units can not directly be
transformed. However, with reasonable assump-
tions, transformations having sufficient accura-
cy can be made (see table 40).
In the studies presented in Table 41, the aver-
age urine cadmium concentration in general pop-
ulation was 0.2-2.3 µg/L. The maximum urinary
cadmium levels measured in general population
are 5.0, 6.88, 5.7 and 17.44 µg/L.
Variation of exposure as measured in urinary
cadmium concentration seems greater than the
variation of dietary intake.  This is due to smok-
ing, and the deficiency of calcium and iron in some
parts of he population, which increases the gas-
tro-intestinal absorption of cadmium, and other
factors mentioned in section 4.2.1. Therefore,
when the exposure of the general population to
cadmium is compared with critical levels, dietary
intake data does not give enough information.
Urinary cadmium is reported in most epidemio-
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Table 38. Blood cadmium concentration and its variation.
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logical studies where the adverse health effects
of cadmium in the general population have been
studied. Thus, it is concluded that urinary cadmi-
um is a most suitable estimate of long-term expo-
sure and the body burden.
There is a relation between tubular kidney
damage and the increase of urinary cadmium
concentration. As summarized by Berglund and
Vahtera (1998), tubular kidney damage causes
that the normal re-absorption of cadmium-met-
allotionein complex (Cd MT) decreased and con-
sequently the urinary cadmium level increases.
Thus when accumulation of cadmium damages
the kidney, the excretion of cadmium increases,
and paradoxically the cadmium concentration of
kidney gradually and slowly decreases.
Table 39. Cadmium in urine in different countries/areas and sub-populations with information on
variation.
78
Figure 13. Risk groups. The size of the groups of populations attributed with several of these “risk
factors“ has not been systematically studied.
Also for urinary cadmium, 90 or 95 percen-
tiles and distributions are seldom reported.
4.2.5 Conclusions on human exposure to cadmium
The average dietary intake of cadmium in Fin-
land is about 10 µg/day. The realistic “worst
case”  dietary intake is 20-30 µg/day. Increased
absorption of the cadmium in diet and smoking
increase the exposure of cadmium in some popu-
lation-groups. Measurements of blood and uri-
nary cadmium in other countries indicate that the
variation of total cadmium exposure is remarka-
ble. Based on those data the realistic worst case
exposure is 4-5-fold as compared with the aver-
age exposure level.
Some factors that either cause variation of the
cadmium exposure or increase the susceptibility
among certain groups of population are present-
ed in Figure 13.  There are population groups at-
tributed with more than one of these factors, but
in Finland the level of cadmium exposure or uri-
nary excretion of cadmium in those groups has
not been studied. In large population studies, the
maximum levels of e.g. urinary Cd or urinary ß2-
microglobulin are probably caused by the fact,
that for a part of the population, several risk fac-
tors simultaneously apply. Variation of exposure
to cadmium and most important risk factors are
also dealt with in chapter 4.4 “Risk characteri-
zation”.
4.3 Health effects of cadmium exposure
The present review aims to summarise recent find-
ing on the toxicological effects of cadmium in
humans. It is considered that the experimental
studies in animals are not of great relevance, since
large-scale epidemiological studies are available
and are to be preferred for animal studies.
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In the following, an overview of  the studies
on the health effects of cadmium published 1988-
1999 is presented and the main results are tabu-
lated. It is recognised that excellent reviews of
toxicity of cadmium are available, e.g. the mon-
ograph of the WHO published in 1992. That re-
view, however, refers only occasionally to arti-
cles of late 80’s and 90’s and omits the discussion
of results of the largest epidemiological study
available, ie. the Cadmibel study from Belgium.
Therefore a summary of more recent results is
considered valuable as a part of the risk assess-
ment of cadmium.
4.3.1 Kinetics
Cadmium enters the body mainly by inhalation
and by ingestion. Fractional intestinal absorption,
which normally is about 5%, is influenced by di-
etary factors and increases with dietary cadmi-
um concentration. Pulmonary fractional absorp-
tion depends partly on the solubility in vivo of
the compound.
Kowal (1988) studied the effect of dietary iron
and cadmium on the urinary cadmium and ß2  -
microglobulin using the data provided by National
Health and Nutritional Examination Survey II
(NHANES II). He found that urinary Cd was
negatively and significantly  correlated with die-
tary iron and dietary calcium. This indicates that
cadmium absorption is increased in the general
population of the United States by the low die-
tary intake of iron and calcium.
Cadmium induces synthesis of metallothionein,
a low-molecular-weight protein that binds cad-
mium primarily in the liver and kidney. Metal-
lothionein production can also be induced for
example by zinc. When metallothionein-bound
cadmium is released into the blood, it is filtered
through the glomeruli and is then reabsorbed in
the proximal tubules.
Most of the body burden of cadmium is re-
tained in the kidneys and the liver. The half-life
of cadmium in human kidneys is probably 10-20
years. Cadmium concentrations in whole blood
are affected by both recent exposure and body
burden. Excretion occurs mainly via the urine.
Urinary excretion of cadmium by individuals
without renal dysfunction primarily reflects the
amount of cadmium retained in the kidneys. The
target organs for cadmium toxicity depend on the
type of exposure. Inhalation of cadmium can lead
to chronic obstructive airway disease. Following
long-term dietary or respiratory exposure, renal
tubular and glomerular dysfunction can develop.
4.3.2 Renal effects
The currently applied critical level of cadmium
in renal cortex is 200 mg/kg, which corresponds
urinary excretion of about 10 µg/24h. This criti-
cal level, however, has been obtained from stud-
ies on occupationally exposed men. It has been
suggested, that the critical level is lower in the
general population (2-4 µg/24h) and that appli-
cation of the critical level biased by the “healthy
worker effect“ may lead to the underestimation
of the health risk in the general population (Bu-
chet et al. 1990). More recently, Elinder et al.
(1998a) have suggested that the critical level of
cadmium in the renal cortex is remarkably low-
er. They consider that 50 mg/kg (w.w.) in renal
cortexcauses an excess prevalence of renal tubu-
lar damage and corresponds the U-Cd level of 2.5
µg/l and the dietary intake of about 50 µg/day.
In a large-scale population study with 1699
subjects in Belgium (the Cadmibel study), renal
dysfunction caused by cadmium exposure have
been studied. Some of the study areas (North-
Kempen and Liege) are heavily polluted by the
non-ferrous metal industry, especially zinc refin-
ing plants. The average cadmium content in soils
of the non-polluted and polluted areas included
in the Cadmibel study were 1.2 ppm and 7.4 ppm,
respectively.  Cadmium body burden in the resi-
dents of the most polluted area (Northern Kem-
pen) was 50-80% higher that in the less polluted
areas (Lauwerys at al. 1991 Acta clin Belg). The
recent exposure of the population living in the
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contaminated areas of the Cadmibel study is prob-
ably near to that of control areas, since the resi-
dents of contaminated areas have been advised
to avoid consumption of well water and locally
grown vegetables. In fact a negative correlation
between cadmium concentration in soil and blood
cadmium in the Cadmibel study was observed
(Staessen et al 1996), probably showing that the
advise given was followed. For young children,
direct ingestion of dust containing cadmium
contributes temporarily (PTWI has been set for
lifetime exposure) to the cadmium exposure  (Lau-
werys at al. 1991). The subjects of the Cadmibel
study had never been occupationally exposed to
cadmium.
Several urinary parameters, urinary excretion
of retinol-binding protein, N-acetyl-b-glucosam-
idase, ß2 -microglobulin, aminoacids and calci-
um were statistically significantly associated with
urinary excretion of cadmium. This suggests the
presence of tubular dysfunction caused by cad-
mium in a part of this population. There was a
10% probability of abnormal values of these re-
nal parameters, when cadmium exceeded 2-4 µg/
24h. (Buchet et al. 1990). 10% of the non-smok-
ers and about 30 % of the whole group of study
subjects reached this threshold. However, for
some urinary parameters, a dose-response rela-
tion was observed also when urinary excretion
was below 2 µg/24h. Therefore a no-effect-level
of cadmium in terms of renal effects is difficult to
determine on the basis of this study.
The findings of the Cadmibel study on renal
tubular function have been confirmed by a simi-
lar study in contaminated areas in the Nether-
lands (Kreiss 1990).
In the Cadmibel study, it was observed that
diabetic patients may be more susceptible to the
toxic effect of cadmium on the renal proximal
tubule. The cadmium body burden measured as
daily urinary excretion of cadmium and diabetes
had a synergistic effect on two variables: urinary
excretion of N-acetyl-b-glucosamidase, ß2-mi-
croglobulin (Buchet et al. 1990).
In the subjects of the Cadmibel study, the body
burden of cadmium in non-smoking females was
higher than that of males. This might be caused
by higher gastro-intestinal absorption of dietary
cadmium due to decreased iron stores in women
(Buchet et al. 1990).
Since a dose-response relation was also ob-
served at relatively low levels of accumulated cad-
mium exposure, it was considered difficult to sug-
gest such cadmium body burden that carries no
risk for the general population. However, in one
of the reports based on the Cadmibel study it was
suggested that when the urinary excretion of cad-
mium is below 2 µg/24h, the risk of occurrence of
renal effects remains low. The critical level, how-
ever, may be lower  for diabetic subjects (Buchet
et al. 1990).
The morbidity associated with the changes in
the renal proximal tubule and calcium metabo-
lism observed in the Cadmibel study remains to
be assessed in the follow-up studies (Lauwerys
at al. 1991).
In the Cadmibel study, also a decrease of se-
rum zinc (12.2 vs. 12.6  µmol/l) and creatinine
clearance (87 vs. 92 ml/min) were observed when
the inhabitants of  the  polluted and control areas
were compared. Creatinine clearance also had a
negative correlation with the cadmium content
of soil as well as the cadmium concentration in
celery and beans (Staessen et al. 1994). Although
cadmium emissions from zinc smelters and refin-
ers have decreased from 125 tonnes in 1950 to
0.13 tonnes in 1989, soil contamination by cad-
mium causes a persistent adverse effect on hu-
man food supply.
Markers of early renal changes in workers
exposed to cadmium (n=377) and non-exposed
control workers (n=50) were studied by Roels et
al. (1993). The content of cadmium in the blood
and urine of exposed workers were 5.5 µg/l and
5.4 µg/l, respectively.  Subjects of this study were
only moderately exposed to cadmium, since only
seven of them had blood and urine levels of cad-
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mium exceeding previously proposed critical lev-
els (10 µg/l and 10 µg Cd/g creatinine, respec-
tively). Exposure to cadmium produced an alter-
ation in several indicators of nephrotoxicity: uri-
nary level of low and high molecular weight pro-
teins (albumin, transferrin, ß2-microglobulin), kid-
ney derived  antigens and enzymes (e.g. N-acetyl-
b-D-glucosaminidase=NAG), protanoids, glu-
cosaminoglycans and sialic acid.
Based on dose-effect relations in the study sub-
jects, three thresholds are proposed: one around
2 µg Cd/g creatinine, associated with biochemi-
cal alterations (increased urinary 6-keto-PGF and
sialic acid), second around 4 µg Cd/g creatinine,
based on excretion of high molecular weight pro-
teins and some tubular antigens or enzymes (e.g.
albumin, transferrin, NAG), and third around 10
µg Cd/g creatinine for low molecular weight pro-
teins and other indicators. This is roughly in ac-
cordance with the recommendation of the Amer-
ican Conference of Governmental Industrial
Hygienists (ACGIH) of 5 µg Cd/g creatinine in
urine as the biological exposure limit. For some
of the effect observed around this threshold, link
with subsequent development of overt Cd neph-
ropathy has been established. Follow up studies
in workers who have increased excretion of low
molecular weight proteins (threshold around 10
µg Cd/g creatinine), have shown that the appear-
ance of persistent microproteinuria is the forerun-
ner of progressive deterioration of renal function,
ie. age related exacerbation of the age related
decline of the glomerular filtration rate (Roels
1993). Concentration of 4 µg Cd/g creatinine cor-
responds to the cadmium kidney cortex level of
about 100 mg/kg, which is about half of the crit-
ical level (200 mg/kg) applied so far.
Considering the mechanisms of cadmium ne-
phrotoxicity Roels et al. (1993) has suggested that
the enhanced excretion of tubular enzymes might
be due to exfoliation  or increased turnover of
tubular cells, or to a metabolic disturbance. De-
pending on the underlying mechanism some of
these changes could be reversible. The exact
mechanism of cadmium toxicity is not known.
High affinity of cadmium for thiol groups in mac-
romolecules is certainly relevant (Savolainen 1995).
In a group of workers who had been exposed
to cadmium (for 7-42 years, mean 25 years), a
progressive reduction of glomerular function was
observed during the five years after the workers
were removed from the exposure (Roels et al.
1989). Mean urine and blood cadmium levels of
the subjects were 18.0 µg/l and 9.7 µg/l, respect-
ively. In comparison, the maximum urinary level
observed in the Cadmibel study of people envi-
ronmentally exposed to cadmium was 8.0 µg/24h
(Buchet et al. 1990) which is about 8.9 µg/l. The
most important finding is considered to be a sig-
nificant increase of creatinine and ß2  -microglob-
ulin concentration in serum, indicating a progres-
sive reduction of glomerular filtration rate dur-
ing the five years follow up after the removal of
the workers from exposure. It is noteworthy that
during the follow up period the concentration of
cadmium in urine and in blood significantly de-
creased. The reduction of the glomerular filtra-
tion rate is about five times greater than that
caused by ageing (Roels et al. 1989). It was also
confirmed by this study that proteinuria induced
by cadmium is not reversible.
Furthermore, this effect is not more pro-
nounced in workers with impaired renal function
at the start of the study, but is as clear in those
workers showing only sub-clinical signs of renal
damage (Roels et al. 1989). It seems reasonable
therefore to assume that, since renal damage
caused by cadmium is progressive, environmental
exposure to cadmium, when associated with pre-
clinical renal effects (increased urinary excretion
of ß2-microglobulin, retinol binding protein or
albumin) can also cause impaired renal function
ie. reduced glomerular filtration rate, at the old-
er age. Due to this effect on the age related
change of the renal function, the early pre-clini-
cal renal changes are considered to be adverse
by Roels et al. (1989).
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As pointed out in recent reviews, significant
renal effects of cadmium, usually only after oc-
cupational exposure to cadmium, include also
glucosuria and phosphaturia (WHO 1992, Savo-
lainen 1995).
Renal function of people who were not occu-
pationally exposed to cadmium but had varying
environmental exposure due to local contamina-
tion in Germany (Stolberg, Duisburg and Dus-
seldorf) were studied by Ewers et al (1985). 65
and 66 year old women, who had lived most of
their life in one of these areas were selected for
the study. Levels of cadmium in serum and in urine
were significantly different, the highest levels were
found in Stolberg, where cadmium concentrations
of soil and plants were also higher than those in
other districts. Serum creatinine levels were sig-
nificantly higher in the residents of  Stolberg as
compared with Duisburg and Dusseldorf. Other
renal parameters (proteinuria, phosphaturia,
aminoaciduria) did not show significant differenc-
es between the study populations.  The authors
consider, that for the Stolberg group a synergism
of ageing and cadmium with respect to the de-
cline of glomerular function can not be excluded.
Jung et al. (1993) investigated the following
groups of individuals: 1) controls; 2) environmen-
tally exposed, and 3) occupationally exposed to
cadmium. The serum creatinine and ribonucle-
ase values, indicators of glomerular effect, did
not differ between these groups. In the occupa-
tionally exposed group indicators of tubular dam-
age (e.g. retinol binding protein, a1-microglobu-
lin) were increased. In the environmentally ex-
posed group, alanine aminopeptidase, alkaline
phosphatase and N-acetyl-beta-D-glucosamini-
dase (NAG) levels were increased. The a1-mi-
croglobulin level in urine was increased in indi-
viduals with urinary cadmium excretion of >5
µmol/mol creatinine (corresponding 4 µg Cd/l of
urine). This supports the results of the Cadmibel
study indicating that changes in markers of renal
effects are observed at the urinary level of 2-4 µg
Cd/l . In 30% of the individuals in environ-
mentally exposed group,  a1-microglobulin or N-
acetyl-beta-D-glucosamidase (NAG) levels ex-
ceeded the corresponding  upper reference lim-
its.  These two analytes were recommended for
screening and detection of cadmium-induced re-
nal dysfunction.
Järup et al. (1995) studied 72 persons living
near to cadmium polluting industry in Southern
Sweden. Those living within 500 m of the plant
had significantly elevated U-Cd (average around
1 µg/g creatinine) and also displayed a high prev-
alence of elevated NAG in urine.
A nine year follow-up study of 3178 persons
living in a Japanese cadmium- contaminated area
was conducted by Nakagawa et al. (1993). The
standardised mortality ratios of the urinary ß2-
microglobulin positive subjects (excreting more
than 1 000 µg/g creatinine) of both sexes were
higher that those of the general Japanese popula-
tion, whereas the cumulative survival curves were
lower than those of the urinary ß2 -microglobulin
negative group. Furthermore, mortality rates in-
creased in proportion to increases in the amount
of ß2-microglobulin excretion. These results sug-
gest that the prognosis of cadmium exposed sub-
jects with proximal tubular dysfunction is unfa-
vourable. The mortality tended to become high-
er as the severity of renal dysfunction progressed.
A higher mortality rate was observed when the
urinary excretion of ß2-M was above 300 µg/g
creatinine. Using data reported by Nordberg et
al. (1997) this corresponds urinary cadmium lev-
el of approximately 4-5 µg/l.) Among the envi-
ronmentally exposed people of the Cadmibel
study urinary ß2  -M of 286 µg/24 h (correspond-
ing 203 µg/g creatinine) was exceeded by 25%
by the high exposure group (n=331). Maximum
values of urinary ß2-M for low exposure and high
exposure groups were 3985 and 5004 µg/24h,
respectively (Staessen 1994).  This suggests that
for a part of the residents of polluted areas in
Belgium, the level of cadmium exposure is at a
level that has been associated with increased
mortality in population studies in Japan.
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These results were confirmed by a 15 years
follow-up study by Nishijo, Nakagawa et al.
(1995) on 2408 individuals living in the same pol-
luted area (Kakehashi River basin). A significant
relationship was seen between urinary excretion
of RBP and mortality in both sexes. The observed
increases of mortality are due to heart failure and
renal diseases. Based on the comparison of uri-
nary ß2-M values, the environmental exposure to
cadmium in this area in Japan seems to be some-
what higher than in the contaminated areas in
Europe. Whether increased excretion of RBP
could be caused by factors other than cadmium
exposure remains to be evaluated.
Urinary Cd, NAG and creatinine levels were
also analysed for 400 inhabitants of Cd -polluted
areas in Annaka City, Japan (Kawada et al.
1992). The geometric means of urinary cadmium
in five districts of this area were 3.0, 2.6, 2.5, 2.0
and 1.7 µg/l (see table 42). There were statisti-
cally significant differences in NAG excretion
among the five groups but no difference could be
found between two groups using multiple com-
parison. However, the study indicates an associ-
ation of urinary Cd and NAG levels in Cd-ex-
posed population whose geometric mean urinary
Cd concentration is about 2 µg/l. Thus, the au-
thors recommend a continuous survey of the min-
imum health effects of Cd-pollution using urinary
excretion of Cd and proteins, e.g. NAG. These
Table 40. Conversion factors for Cd concentration in urine used in this report:
results also support the results of the Cadmibel
study indicating that changes in indicators of the
renal effects caused by cadmium are observed at
the urinary level of 2-4 µg Cd/l.
Yamanaka et al. (1998) found that among peo-
ple living in non-polluted area in Japan, total uri-
nary protein, urinary ß2-M and NAG were asso-
ciated with urinary cadmium. The authors con-
sider that their results are in agreement with stud-
ies of Buchet et al. (1990) and Lauwerys et al.
(1994), who proposed  2 µg Cd/l as the maximum
tolerable internal dose of Cd for the general pop-
ulation. Buchet et al. (1990) estimated that this
urinary concentration corresponds a renal cad-
mium concentration of about 50 mg/kg.
According to Nogava (1992), a lifelong intake
of about 2 g of cadmium, corresponding average
daily intake of 80µg, would bring about a U-Cd
value of 4-5 µg/l, which would elicit a significant
rise in prevalence of tubular damage. However,
several recent studies indicate that the threshold
for renal effects is lower, 2-4 µg/l, which would
correspond a daily intake of 40-80 µg.
Reversibility of the cadmium-induced renal
lesions was studied by Iwata et al. (1993). They
found that while daily dietary intake was dropped
from about 200 µg to 53-106 µg (due to replace-
ment of polluted soil of rice fields) there was no
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evidence that renal lesions were reversible. On
the contrary, the tubular damage had, in most
cases, been aggravated. However, it is notewor-
thy, that the urinary concentration in population
was very high, during the follow-up it decreased
from 8.5 to 6.0 µg/l. In another Japanese study
by Kido et al. (1990), in most of the examined
subjects, serum creatinine, indicative of more se-
vere glomerular damage, tended to increase.
The urinary excretion of cadmium and ß2-mi-
croglobulin were studied for 260 residents of
Walsall, England (Tennant 1991). The individu-
als participating grew a part of their vegetable
diet in urban garden soils. For non-smoking, non-
occupationally exposed residents, urinary excre-
tion of cadmium was found to be up to 34% of
the biological exposure index given by American
Conference of Governmental Industrial Hygien-
ists. Thus, it was concluded that  when occupa-
tional exposure  to cadmium is assessed, dietary
intake from urban grown produce should be con-
sidered as an additional source of exposure.
Müller et al (1989) studied the level of indica-
tor enzymes NAG and alanine aminopeptidase
(AAP) in two groups: those with urinary cadmi-
um levels less than 2.0 µg/l and those with Cd-U
greater or equal to 2.0 µg/l. The mean NAG and
AAP levels in urine were significantly higher in
the high exposure group. The results indicate that
markers indicating sub-clinical renal dysfunction,
reveal changes already when urinary cadmium
level is below 10 µg/l, which has been recommend-
ed as an upper limit by the 1980 World Health
Organisation Study group. These results suggest,
similarly to the observations of several other stud-
ies cited above, that the threshold level of renal
effects of cadmium is close to 2 µg Cd/l of urine,
above which first signs of nephrotoxicity can be
measured.
 Ishizaki et al (1989) studied the dose-response
relation between urinary cadmium and ß2-mi-
croglobulin. 3178 inhabitants over 50 years of
age in the Cd-polluted Kakehashi River basin,
Japan and a smaller group of inhabitants in non-
polluted areas were studied. Urinary Cd and ß2-
microglobulin were significantly higher in the Cd-
exposed subjects. Prevalence of ß-microglob-
lulinemia increased proportionally with increas-
ing urinary Cd concentration, thus confirming the
dose-response relation. Biological threshold val-
ues for environmentally exposed people suggest-
ed on the basis of these results were 3.8-4.1 µg
Cd/g creatinine, corresponding to the urinary
cadmium level of 3.8-4.1 µg/l.
 Nordberg et al. (1997) studied the urinary cad-
mium level, urinary ß2-M and urinary albumin in
three areas in China. Urinary cadmium in the high
exposed area, the medium exposed areas and
control area were 10.7, 1.62 and 0.40 µg/l, re-
spectively. There was a clear increased of the ß2-
M and the urinary albumin in the heavily expo-
sure group as compared with the control group
and a slight increase in the medium exposed group.
Statistically significant dose-response was found
between cadmium in urine and urinary ß2-M.
Studies on occupational exposure to cadmium
and renal effects are not reviewed here in detail.
An adequate overview is that dose-response data
based on epidemiological studies is confirmed by
the occupational evidence of cadmium toxicity.
For example results from Swedish battery work-
ers (Järup et al. 1994) indicates that depending
on age, the prevalence of ß2-microglobulinuria
was 5% to 15% at U-Cd levels above 3 nmol/
mmol creatinine. In this study , a 10% prevalence
of tubular proteinuria already at 1.5 nmol Cd/
mmol creatinine was found in an older age group.
This suggests that elderly people are more sus-
ceptible to the adverse renal effects caused by
cadmium.
The critical concentration of cadmium in urine
and in the kidney cortex
As a risk characterisation based on several
studies, Elinder et al (1998a) concluded that in
the general population, an average U-Cd level of
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2.5 µg/l is related to an excess prevalence of re-
nal tubular damage of about 4%.
Elinder et al. (1998a) estimated that “in order
to prevent renal tubular damage that can pro-
ceed to clinical disease and perhaps contribute to
early death, cadmium levels in the kidneys and in
urine should be kept below 50 mg/kg and 2.5 µg/l,
respectively.” Elinder et al (1998b) present a “best
guess” of the relation of cadmium in kidney cor-
tex, urinary cadmium and prevalence of the tu-
bular effects in the population. These are simpli-
fied in table 41. The relation of these three pa-
rameters is obviouslynot mechanistic/determin-
istic. Not all who have a given kidney concentra-
tion of cadmium will develop renal insufficiency.
There are susceptibility factors, for example, age,
gender, use of nephrotoxic drugs, which compli-
cate the mechanism by which the body burden of
cadmium leads to renal effects.
It is necessary to discuss here, whether the
existing evidence justifies the conclusions drawn
by Elinder et al. (1998a). First question is the re-
lation between early signs of renal effects and
clinical disease and the second question is whether
there is enough evidence of increased mortality
caused by high exposures to cadmium. First, our
evaluation is that there is some evidence of early
onset of renal insufficiency (glomerular damage)
associated with urinary cadmium level of about
4 µg/l  and manifested e.g. by increased level of
creatinine in serum. This seems to be the second
phase of the development of renal failure which
starts as increased excretion of high-molecular
weight proteins, which as such could be consid-
ered to be a pre-clinical symptom. It is likely that
exposure to cadmium which causes clinical dis-
ease (e.g. impaired excretion of creatinine) is
higher that the exposure that causes e.g. increas-
es urinary level ß2-microglobuline and NAG.
Second, two Japanese studies (Nakagawa et
al. 1993, Nishijo et al. 1995) suggest that renal
effects caused by cadmium are associated with
increased mortality due to heart failure and re-
nal disease. These observation are preliminary,
and this type of studies should be repeated in con-
taminated and uncontaminated areas of Europe.
The level of exposure in these studies is relative-
ly high (U-Cd about 4-5µg/l) and probably apply
to 1) those living in highly contaminated areas
and to 2) smokers, who have increased absorp-
tion of cadmium and diet, which is rich of cadmi-
um. The observations of increased mortality are
serious, since it was also found that the mortality
tended to become higher as the severity of renal
dysfunction progressed during the follow-up study
(Nakagawa et al. 1993).
4.3.3 Calcium excretion and bone injuries
It has been observed that exposure to cadmium
may cause higher urinary excretion of calcium.
This was confirmed by the Cadmibel study, where
Table 41. Summary of the “best guess” presented by Elinder et al. (1998b) of prevalence of tubular
effects and respective cadmium concentration in kidney cortex and urinary cadmium level.
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a relatively low level of cadmium body burden
increased the urinary level of calcium and caused
calcium wasting. Significantly different calcium
excretion/24h were (2.0 and 2.6 mmol of Ca/24h)
found between groups which had 0.9-1.4 µg Cd/
24h and 1.4-8.0 µg of Cd/24h (corresponding 1.0-
5.6 µg/l). Also elevation of serum alkaline phos-
phatase activity was observed in the subjects of
the Cadmibel study. These results suggest that
environmental exposure to cadmium may be suf-
ficient to influence calcium homeostasis and bone
metabolism (Lauwerys at al. 1991).  However, it
is also stated by authors of the Cadmibel study
that the biological significance of this observa-
tion still remains to be elucidated. The authors
consider, that further studies are needed to show,
whether this effect could exacerbate age-related
osteoporotic changes especially in women with
low dietary calcium (Buchet et al. 1990).
Also Järup (unpublished data) found in a re-
cent study on women in Stockholm (50-70 years
of age), a significantly increased urinary excre-
tion of calcium was found in those, who excreted
more than 0.81 µg Cd/l, versus women who had
a lower U-Cd. This finding is in accordance with
the Belgian results cited above.
Elinder et al. (1998b) summarised that there
is probably an important causative link between
bone effects of cadmium and toxicity on the kid-
neys. Notably, vitamin D is activated in the kid-
ney to calcitrol, which functions as a hormone
with an important role in the absorption of calci-
um from the gut and in the calcification of bone.
In a 6.6 years follow-up in Belgium, Roels et
al. (1999) found that long-term low-level envi-
ronmental exposure to Cd may accelerate the
demineralisation of the skeleton, especially in
post-menopausal women, which in turn may lead
to greater bone fragility and an increased risk of
fractures. The relative hazard rate associated
with a doubling of urinary Cd was 1.73 (p=0.007)
for fractures in women and 1.60 (p=0.08) for stat-
ure loss in men. It is noteworthy that 6 of the 10
districts studied bordered on zinc/cadmium smelt-
ers, and the exposure levels are higher than in
Finland. The urinary levels of cadmium were not
sufficiently reported.
There is also experimental evidence that cad-
mium disturbs calcium homeostasis. In long-term
exposures, or when repeated doses of Cd-MT are
given with short intervals, irreversible changes
in the urinary excretion of calcium are seen (Lef-
fler et al. 1996).
Whether a small effect on calcium metabolism
may lead to morbidity in the general population
remains to be studied. In heavily polluted area in
Shipham, Britain, cadmium exposure was not
associated with excess mortality from fractures
(Inskip et al. 1982). However, bone lesions have
been experimentally induced by cadmium in lab-
oratory animals. Combination of the administra-
tion of cadmium, and deficiency of vitamin D was
particularly adverse (Kjellström 1985). Some ep-
idemiological evidence supports these findings,
namely several cases of osteomalacia and oste-
oporosis have been observed in workers exposed
to cadmium and about 150 of the itai-itai patients
have developed bone lesions.
Figure 14. Probable sequences of effects, which
could increase the risk of bone fractures, based
on Järup (1998), Roels et al. (1999) and Tsurita-
ni et al. (1992).
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Elderly people often suffer from decalcifica-
tion of bones which can be attributed to ageing
or hormonal or nutritional deficiencies. There-
fore, further studies should definitely be under-
taken to see whether environmental exposure to
cadmium may contribute to osteoporosis and its
consequences (Staessen et al. 1996). The signifi-
cance of the findings of the Cadmibel study in
terms of morbidity and mortality are studied in
the prospective PheeCad Study in Belgium (Staes-
sen et al. 1996).
Roels et al. (1993) suggest that interference
of cadmium body burden with prostanoids ob-
served at the level of 2 µg Cd/g creatinine should
be studied further, since it might play a part in
the toxicity of Cd in bone. Prostanoids are hor-
mones with many biological activities. It has been
suggested, based on a study on cultured osteob-
lasts like cells,  that Cd can stimulate bone re-
sorption via an increased production of prostag-
landin E2. If renal synthesis of prostaglandins is
affected also in vivo, this observation together
with the results of the Cadmibel study, suggests
that environmental pollution  by cadmium may
contribute to bone decalcification and osteoporo-
sis in the general population (Roels et al. 1993).
In a group of workers who had been exposed
to cadmium, serum alkaline phosphatase activi-
ty increased significantly during the five year fol-
low up period, which may reflect the interference
of cadmium with bone metabolism (Roels et al.
1989). Mean urine and blood cadmium levels of
the subjects were 18.0 µg/l and 9.7 µg/l, respec-
tively. In comparison, the maximum urinary lev-
el observed in the Cadmibel study of people envi-
ronmentally exposed to cadmium was 8.0 µg/24h
(Buchet et al. 1990) which is about 8.0 µg/l.
The quantitative dose response relation for the
effects of cadmium on calcium and bone metab-
olism were elucidated by Staessen et al (1991) in
the context of the Cadmibel study; urinary and
blood samples of 1987 individuals were studied.
The results showed that serum alkaline phosphates
activity and urinary excretion of calcium signifi-
cantly correlated with urinary excretion of cad-
mium. In men also serum total calcium concen-
tration correlated negatively with the urinary
excretion of cadmium. The slopes of these rela-
tions showed that whilst U-Cd doubles serum al-
kaline phosphatase and urinary calcium rise in
both sexes by 3-4% and 0.25 mmol/24h, respec-
tively, the serum calcium in men decreased by 6
µmol/l. These findings suggest that environmen-
tal exposure to cadmium calcium metabolism is
gradually affected. The linear regression found
between urinary excretion of cadmium and the pa-
rameters of calcium metabolism suggest in fact that
no threshold exists andthat the effects on calcium
metabolism develop gradually when cadmium ac-
cumulates in the body. The effect may be due to the
dysfunction of renal tubules or development of vi-
tamin D resistance (Staessen et al. 1991).
Recent experimental studies in animals sup-
port these observations made in humans. The ef-
fects of diet that was low in calcium, vitamin D
and vitamin E, and added for cadmium on the
bone density of the hind legs of mice for experi-
mental period of 29 days - 24 months was investi-
gated by Imai (1995). Using X-rays and a densi-
tometer it was observed that diets deficient of
calcium and vitamins D and E promoted the ef-
fect of cadmium on the ageing of bone.
4.3.4 Blood pressure and cardiovascular disease
In the Cadmibel study, where the population stud-
ied had a wide variation of cadmium body burden
due to heavy local contamination by cadmium re-
leases, no statistical association was observed be-
tween environmental exposure to cadmium and
blood pressure elevation of the prevalence of cardi-
ovascular cases (Lauwerys at al. 1991)
Also in another large scale epidemiological
study,  the Second National Health and Nutri-
tion Examination Survey (NHANES II) in the
USA, no significant correlation between urinary
cadmium and blood pressure (Whittemore et al.
1991) was observed after the hypertensive pa-
tients were removed from the analysis.
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4.3.5 Carcinogenicity
The following chapters on carcinogenicity and
genotoxicity of cadmium are mostly based on the
recent evaluation of IARC (1993).
Occupational exposure to cadmium
Among the important compounds of cadmi-
um are cadmium oxide (used in batteries, as an
intermediate and catalyst and in electroplating),
cadmium sulphide (used as a pigment), cadmium
sulphate (used as an intermediate and in electro-
plating) and cadmium stearate (used as a plas-
tics stabiliser). Use of cadmium-pigments and cad-
mium-stabilisers of plastic have decreased. Trends
in the total use of cadmium have been increasing
but are much dependent on the demand of nickel-
cadmium batteries, which now amounts 55% of the
total consumption of cadmium (OECD 1994).
Occupational exposure to cadmium and cadmi-
um compounds occurs mainly in the form of air-
borne dust and fume. Occupations in which the high-
est potential exposures occur include cadmium pro-
duction and refining, nickel-cadmium battery man-
ufacture, cadmium pigment manufacture and for-
mulation, cadmium alloy production, mechanical
plating, zinc smelting, soldering and polyvinylchlo-
ride compounding. Although levels vary widely
among the different industries, occupational expo-
sures have decreased in the last two decades. Uri-
nary and blood cadmium concentrations are gener-
ally much higher in occupationally exposed peopleas
compared with those non-occupationally exposed,
for whom the most important sources of exposure
are cigarette smoking and food.
Human carcinogenicity data
Following a report on the occurrence of pros-
tatic cancers in a small group of workers employed
before 1965 in a plant manufacturing nickel-cad-
mium batteries in the United Kingdom, a series
of cohort analyses were undertaken. These did
not confirm the excess among the remaining
workers, but an increase in mortality rates from
lung cancer was detected. A small cohort work-
ing in the same industry was studied in Sweden:
no excess of prostatic cancer was detected, but a
non-significant increase in mortality from lung
cancer was found among workers who had the
longest duration of employment and latency. Two
small copper-cadmium alloy plants were studied
in the United Kingdom. The rate of mortality from
lung cancer increased in one of them but de-
creased in the other. A case-control analysis of
lung cancer did not show any association with
exposure to cadmium. No increase in mortality from
prostatic cancer was found in these two plants, while
in a similar plant in Sweden a non-significant ex-
cess was detected (IARC 1993).
Excess mortality from lung cancer was report-
ed among workers employed in a US cadmium
recovery plant, and a dose-response relationship
was demonstrated between estimated cumulat-
ive exposure to cadmium and lung cancer risk.
The latter was unlikely to be confounded by cig-
arette smoking. In a large cohort of workers from
17 cadmium processing plants in the United King-
dom, mortality from lung cancer was increased
in the overall cohort and there were suggested
trends linked to duration of employment and with
intensity of exposure. The increase in lung can-
cer risk was stronger in the small proportion of
workers with high cadmium exposure. Confound-
ing by concomitant exposure to other cancer de-
terminants, including arsenic, was not controlled
(IARC 1993).
A number of early studies reported an in-
creased risk for prostatic cancer among cadmi-
um workers, but the results of later studies are
not consistent. Early and recent studies provide
consistent evidence that the risk for lung cancer
is increased among workers exposed to cadmium.
Constraints that influence the assessment of both
lung and prostatic cancer risk are that the number
of long-term, highly exposed workers is small, and
the historical data on exposure to cadmium are
limited, particularly for the non-US plants.
Confounding by cigarette smoking in relation
to lung cancer was addressed directly only in the
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study from the USA, but some other studies pro-
vided analyses based on internal comparisons,
which are not likely to be affected by this prob-
lem. Control of the confounding effect of co-ex-
posure to other metals, particularly arsenic and
nickel, was limited. However, the analyses of re-
sults obtained from US cadmium exposed workers
indicated that the increase in lung cancer risk was
unlikely to be explained by exposure to arsenic.
Animal carcinogenicity data
Several adequate studies on orally adminis-
tered cadmium chloride in rats and mice are avail-
able. Cadmium chloride has produced dose-re-
lated increases in the incidences of leukaemia,
interstitial-cell tumours of the testis and prolifer-
ative lesions of the prostate. In another study on
cadmium chloride in rats, no increase in tumour
incidence was seen. In two inhalation studies in
rats, malignant lung tumours were produced by
cadmium chloride, cadmium sulphide/sulphate,
cadmium sulphate and cadmium oxide fume and
dust at low levels of exposure for short duration
(IARC 1993).
In one inhalation study in mice cadmium ox-
ide fume or dust had increased incidences of lung
tumours. In an inhalation study in hamsters of
cadmium chloride, cadmium sulphide/sulphate,
cadmium sulphate and cadmium oxide fume and
dust, no increase in the incidence of lung tumours
was found.
Other relevant data
Cadmium can suppress cell-mediated immune
responses in vitro. Furthermore, in a recent study
on workers who are chronically exposed to high
levels of cadmium, an effect on the levels of some
cytokines was observed (Yucesoy et al.1997). This
could cause immuno-suppression and contribute
carcinogenesis although these results should be
considered tentative.  Parenteral administration
of cadmium salts produces adverse effects on the
testes, ovaries, placenta and embryo in experi-
mental animals; many of these effects have been
shown to be preventable by the administration
of zinc compounds. Administration of cadmium
at doses that affect placental morphology or func-
tion induces foetal anaemia, growth retardation,
teratogenicity and embryonic and foetal death in
experimental animals. Reproductive and devel-
opmental toxicity have been reported following
exposure to cadmium compounds by oral and in-
halation routes, but the effects are generally much
less severe than after parenteral administration.
Genotoxicity
In three of five studies, the frequencies of chro-
mosomal aberration were increased in peripher-
al blood lymphocytes of workers exposed to cad-
mium in the metal industry, where they were usu-
ally also exposed to other metals. No effect of
cadmium was observed in a limited study of work-
ers from a Swedish alkaline battery factory. In
two studies of cadmium pigment plant workers,
no increase in the frequency of chromosomal ab-
errations was observed. No increase in the fre-
quency of sister chromatid exchange was seen in
one study of workers exposed to cadmium. In one
of two limited studies of itai-itai patients, in-
creased frequency and severity of chromosomal
aberrations were observed. In one study, no in-
crease in sister chromatid exchange frequency
was observed in people living in a cadmium-pol-
luted region of Japan. In a study of subjects liv-
ing in a cadmium-polluted region of China, there
were small but significant increases in chromo-
somal aberration frequency. A significant dose-
effect relationship between urinary levels of cadmi-
um and chromosomal aberration frequency was also
observed, and more severe aberration types were
observed in individuals with high urinary levels of
cadmium. In those studies inwhich significant re-
sponses were observed, the chromosomal aberra-
tions tended to occur in the more heavily exposed
groups and were of more complex types.
Chromosomal aberrations and aneuploidy
were observed in animals exposed to cadmium
chloride in vivo. Dominant lethal mutations were
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generally not induced in mice. Cadmium chloride
damages DNA of human cells in vitro. In the few
studies available, chromosomal aberrations were
observed in human cells treated with cadmium
sulphide but not in those treated with cadmium
chloride. Indications of aneuploidy were observed
in human fibroblasts after treatment with cadmi-
um chloride. Studies using cultured animal cells
show that exposure to cadmium compounds dam-
ages genetic material. DNA strand breaks, mu-
tations, chromosomal damage and cell transfor-
mation have been observed in vitro. Cadmium
compounds inhibit the repair of DNA damaged
by other agents, thereby enhancing their genoto-
xicity. Mutations have generally not been ob-
served in Drosophila or bacteria; however, a weak
response was observed in some studies in bacte-
ria and there is evidence of cadmium induced
DNA damage in bacteria.
According to findings of Prozialek et al.
(1995), Cd can selectively induce disruption of
the junctions between the cells and this could have
implications regarding the mechanism of carci-
nogenic effects of cadmium. Prozialek et al.
(1995) found that exposure of LLC-PK1 cells to
low micromolar concentration of cadmium caused
disruption of the adhering and occluding junctions
between the cells. This effect was observed in
these cells independently and at lower concen-
trations than apoptosis. At the time cadmium in-
duced junctional changes there was no increase
of apoptotic cells or evidence of DNA fragmen-
tation.  Thus, it seems that inhibition of intercel-
lular communication could be a non-mutagenic
mechanisms of carcinogenicity of cadmium, not
excluding genotoxic activity of cadmium.
Evaluation of the IARC
There is sufficient evidence in humans for the
carcinogenicity of cadmium and cadmium com-
pounds. There is sufficient evidence in experimen-
tal animals for the carcinogenicity of cadmium
compounds. There is limited evidence in experi-
mental animals for the carcinogenicity of cad-
mium metal. In making the overall evaluation,
the Working Group of the IARC took into con-
sideration the evidence that ionic cadmium caus-
es genotoxic effects in a variety of types of eu-
karyotic cells, including human cells. The overall
evaluation is that cadmium and cadmium com-
pounds are carcinogenic to humans (Group 1).
The conclusion of the IARC is that cadmium
has been implicated in the development of lung
and prostate cancer in exposed workers and in
animals under various exposure conditions. How-
ever, there is presently no epidemiological and
experimental evidence that exposure to cadmi-
um via food may be associated with an increased
risk of cancer.
The National Toxicology Programme (NTP)
of the USA has recently upgraded the listing of
cadmium and cadmium compounds from “Rea-
sonable Anticipated to be a Human Carcinogen”
to “Known to be a Human Carcinogen”.
4.3.6 Summary of health effects of cadmium in light of
recent epidemiological evidence
Renal effects
The recent studies have not dramatically changed
the understanding of the toxicological profile of
cadmium. When the health of the general popu-
lation is considered, renal effects and effects on
bones and calcium metabolism still deserve the
greatest attention. However, the knowledge on
dose-effect relation and thresholds for these ef-
fects has improved. Several studies indicate that
the safe level, in terms of early renal effects and
bone effects of cadmium exposure as expressed
in the urinary concentration, is not below 10 µg
of Cd/l urine suggested and applied earlier, but
about 2-4 µg/l (see table 42). There is also evi-
dence that the sub-clinical renal effects might
proceed even after cessation of the exposure and
may also impair the glomerular function leading
to renal insufficiency at an older age.
When the results of the Cadmibel study are
considered (see Table 42) it should be noted that
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there was a 10% probability of abnormal values
of renal parameters, when cadmium exceeded 2-
4 µg/24h. (Buchet et al. 1990). Among the non-
smokers 10% of the study subjects reached this
threshold. However, for some urinary parame-
ters, a dose-response relation was observed when
urinary excretion was below 2 µg/24h. Therefore
a no-effect-level of cadmium in terms of renal
effects would be difficult to determine.
Since it has been shown that renal damage caused
by cadmium is progressive, it also should be noted
that environmental exposure to cadmium, when
associated with pre-clinical renal effects (increased
urinary excretion of ß-microglobulin, NAG, retinol
binding protein or albumin) can cause impaired re-
nal function ie. reduced glomerular filtration rate,
at an older age. Due to this effect on the age related
change of the renal function, the early pre-clinical
renal changes are considered to be adverse by Roels
et al. (1989).
Excretion of calcium
It has been observed that exposure to cadmi-
um may cause higher urinary excretion of calci-
um. This was confirmed by the Cadmibel study
(Buchet et al. 1990), where a relatively low level
of cadmium body burden increased the urinary
level of calcium and caused calcium wasting. El-
evation of serum alkaline phosphatase activity was
observed in the subjects of the Cadmibel study, and
Lauwerys et al. (1991) assessed that environmen-
tal exposure to cadmium may be sufficient to influ-
ence calcium homeostasis and bone metabolism.
Also Järup (unpublished data) found in a recent study
on women in Stockholm (50-70 years of age), a sig-
nificantly increased excretion of urinary calcium in
those who excreted more than 0.81 µg/l, versus wom-
en who had a lower U-Cd. This finding is in accord-
ance with the Belgian results.
 The latest and most serious evidence in this
respect comes from a Belgian follow-up, made
after Cadmibel study. Roels et al. (1999) found
that long-term low-level environmental exposure
to Cd may accelerate the demineralisation of the
skeleton,especially in post-menopausal women,
which in turn may lead to greater bone fragility
and an increased risk of fractures.
Increased mortality
There is also some evidence that environmental
exposure to cadmium observed as increased excre-
tion of ß-microglobulin increases mortality among
the exposed population  (Nakagawa et al. 1993).
The standardised mortality ratios of the urinary  ß2-
microglobulin positive subjects (excreting more than
1 000 µg  ß2-M/g creatinine) of both sexes were
higher that those of the general Japanese popula-
tion. Mortality rates increased in proportion to in-
creases in the amount of, ß2-microglobulin excre-
tion. These results suggest that the prognosis of cad-
mium exposed subjects with proximal tubular dys-
function is unfavourable. The mortality rate tended
to increase as the severity of renal dysfunction pro-
gressed. These results were confirmed by a fifteen
year follow-up study by Nishijo et al. (1995). The
observed increases of mortality are due to heart
failure and renal diseases.
In these Japanese studies, higher mortality rate
was observed when the urinary excretion of ß2-
M was above 300 µg/g creatinine. Among the
environmentally exposed people of the Cadmibel
study, urinary ß2-M of 286 µg/24 h (correspond-
ing 203 µg/g creatinine) was exceeded by 25% in
the high exposure group (n=331) (Staessen 1994).
This suggests that for a part of the residents of
polluted areas in Belgium, the cadmium exposure
is at a level  associated with increased mortality
in the cited Japanese studies.
It remains to elucidated whether also in con-
taminated areas and in risk groups in other coun-
tries of Europe, cadmium exposure is associated
with higher mortality due to renal diseases. It is
possible that, in the studies cited above all the
confounders were not considered. Therefore, our
estimate that U-Cd of 4-5 µg/l is associated with
increased mortality, is preliminary. This urinary
level cadmium and higher have been reported in
the general population (non-contaminated areas,
no occupational exposure), from Belgium, Ger-
many, Japan and USA (see table 42). The group
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Table 42. Health effects of cadmium caused by environmental (non-occupational) exposure and the
respective urinary level of cadmium (U-Cd).
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of population characterised by the high levels of
U-Cd is small. Approximates concerning Finland
and Sweden are discussed later.
4.3.7 Conclusion on health effects of cadmium
Among the population group having the urinary
cadmium of 2-4 µg/l, 1-5% of people will suffer of
renal or bone effects caused by cadmium. The re-
nal effects start as increased excretion of high-mo-
lecular weight proteins in urine. There is evidence
that the renal effects are progressive and that renal
failure may follow (e.g. increased serum level of
creatinine). Furthermore there is some evidence of
increased mortality due to renal diseases associat-
ed with high exposure to cadmium. This would ap-
ply to a part of the elderly population which has a
high body burden of cadmium.
There is some evidence that even at the uri-
nary cadmium level of about 1.0 µg/l, excretion
of cadmium will increase, which will decrease the
bone density and increase the risk of fractures.
These data should be substantiated, before the
U-Cd level of about 1.0 µg/l can be used in the
risk characterisation of cadmium. We consider,
however,  that these data emphasise the need for
a conservative risk characterisation.
It is our conclusion that urinary Cd level of
2-4  is associated with a risk of serious health
effects. Although the evidence on the progression
of cadmium induced renal effects and evidence
of increased risk of bone fractures is not conclu-
sive, we consider that the recent results have in-
creased the weight of evidence and there is a con-
cern of impairment of public health particularly
among the elderly population.
4.4 Risk characterisation
4.4.1 General
In most epidemiological studies, the health effects
have been related to urinary levels of cadmium.
In some cases also blood cadmium concentration
is reported. In very few cases, dietary intake and
other sources of exposure have been reported in
the epidemiological studies. On the other hand
urinary cadmium has often been studied without
an epidemiological setting. Therefore, a compar-
ison of exposure and health effects is made using
the urinary level of cadmium (µg of Cd/l of urine).
From Table 37 it is concluded that the aver-
age level of urinary cadmium in many countries
is about 1-1.5 µg/l, which is lower that most of
the thresholds presented in Table 42. In Sweden
(0.2 µg/l) and most likely also in Finland the av-
erage U-Cd is lower. The maximum values of uri-
nary cadmium reported from different countries
are at a level of 6 - 8 µg/g. These figures often,
but not always reflect the situation of residents
of cadmium-polluted areas.
These levels of Cd in urine should be compared
with the threshold for early signs of renal effects
and the effect on calcium homeostasis, which have
been reported when urinary cadmium concentra-
tion is 2-4 µg/l (Table 42). This conclusion is sup-
ported by recent risk characterisation by Elinder
et al. (1998a). They assess that in the general
population, an average U-Cd level over 2.5 µg/l
is related to an excess prevalence of renal tubu-
lar damage. This U-Cd corresponds to cadmium
concentration of over 50 mg/kg in renal cortex,
which would be result of long-term dietary in-
take of over 50 µg/day. For smokers and for those
having iron deficiency, the critical level of die-
tary intake would be lower.
It seems likely that a remarkable proportion
of the populations studied in various countries, is
environmentally exposed to a level of cadmium
(2-4 µg Cd/l urine) that causes renal dysfunction
as well as calcium wasting, which may induce
effects in bones.
Since the range of cadmium body burden
(measured as U-Cd) in most studies exceeds the
critical level of 2-4 µg/l, it would be of great rel-
evance to clarify the distribution of cadmium ex-
posure in the population, since that would result
in estimates concerning the number of people,
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who may have the risk of cadmium-induced re-
nal dysfunction or altered calcium homeostasis.
4.4.2 Risk characterisation concerning Finland
Dietary intake
In Finland, the average dietary intake of cadmi-
um in adults is about 10 µg/day (Kumpulainen
1991, Mustaniemi et al. 1994,  Louekari et al.
1988). Several studies (Morgan et al. 1988,
Louekari et al. 1989,  Coomes et al. 1982, Vahter
1991) suggest that for about 5% of the popula-
tion, the dietary intake of cadmium is at least two-
fold more as compared with the average intake,
ie. 20 µg/day for Finland.
According to data on distribution of exposure
in the Finnish population maximum intakes are
about 2.5-fold more as compared with the aver-
age (Louekari et al. 1989) (see Figure 15). Data
on distribution of cadmium intake in children
showed that the 95 percentile was about two-fold
more as compared with the average (Mykkänen
et al. 1986), which supports the results cited
above.
 In Finland, cadmium concentrations in the
crops play a very important role in the food
chains, because the greatest part, i.e. on average
86% of the total Cd taken in by the Finns from
the diet originate from plant crops. Sixty per cent
of the mean total Cd intake comes from cereals,
9% from potatoes, 9% from vegetables and 8%
from fruits and berries (see Figure 16) (Tahvo-
nen 1994).
In Finland, sound agricultural and environ-
mental practices have lowered the amount of Cd
cycling in the food chains. As a result, the Cd
contents of food stuffs and the Cd intake by the
Finnish population  from the diets have decreased
slightly in Finland (Tahvonen 1994). Decreasing
trends in Cd contents of food stuffs have been
observed also in Belgium (Van Assche and Ciar-
letta 1993) and in the United Kingdom. In these
two countries the major reason for a decreasing
trend is obviously a decrease in Cd deposition
from the air.
On the other hand, there is a serious Cd trend
in Swedish winter wheat, because at present
about 10% of winter wheat grains produced in
Sweden contain a level of Cd which is more than
100 µg/kg (Eriksson et al. 1995) which is the high-
est acceptable concentration for cereal grains as
set by FAO/WHO in 1993.
Urinary Cd-concentration corresponding the av-
erage dietary intake in Finland
In the non-occupationally exposed population,
according to reports from Sweden and USA,  the
cadmium concentration in urine is about 0.2-0.6
µg/l (see table 37). This is in agreement with refer-
ence values for the general population proposed
by Nordberg (1992), 0.7 µg/l which is also ap-
plied in Finland.  In Sweden and in the USA, the
level of dietary intake of cadmium is likely to be
close to that of Finland (10 µg/day). In Finland,
Sweden and USA contamination of agricultural
soils by cadmium is not at the same level as in
some European countries, where the average di-
etary intake is also elevated. Limited number of
urine samples from non-occupationally exposed
non-smokers have normally contained less than
0.5 µg Cd/l in Finland (Kiilunen unpublished data)
It is assumed for this evaluation that the average
urinary level of cadmium in Finland is 0.4 µg/l.
This is a basis for a conservative risk assessment,
which needs to be confirmed or refuted by an
adequate analytical study with sufficient number
of non-occupationally exposed subjects. The high
dietary intake of 20-30 µg Cd/day would thus cor-
respond to 0.8-1.2 µg/l of urinary concentration
of cadmium (see table 43).
Increased absorption
Flanagan et al. (1978) showed that women
with low body iron stores had on average two-
fold higher gastrointestinal absorption (10%) of
cadmium as compared with the control group.
The highest individual absorption rate was about
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Figure 15. Distribution of dietary intake of cadmium among 1348 Finnish individuals aged between 25-
64 years, Based on a 3-day food record and analytical data on food samples (Louekari et al. 1989).
Figure 16. Intake of cadmium from different food groups (Tahvonen 1994).
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20%. In experimental animals Friberg et al. (1975)
observed a three-fold increase in absorption of
cadmium due to low levels of dietary calcium and
protein. Kowal (1988) also found in a large nu-
tritional survey  (NHANES II) that urinary Cd
was negatively and significantly  correlated with
dietary iron and dietary calcium. Also Berglund
et al. (1994) found that reduced body iron stores
(serum ferritin) were highly associated with high-
er B-Cd concentrations. Bäcklund et al. (1996)
found that women 50-55 years of age had higher
B-Cd levels (0.5 µg/l) than men of the same age
(0.3 µg/l). The difference is probably caused by
increased absorption of dietary cadmium in wom-
en with low iron status before menopause. Ber-
glund et al. (1998) has assessed that 175 000-700
000 women in Sweden would have empty iron
stores and consequently increased B-Cd levels, by
about factor of 2. Furthermore, they estimated that,
in Sweden about 250 000 smoking women with low
iron stores are likely to have 4-6 times the kidney
cadmium concentration as compared with non-
smokers with adequate iron stores.
This indicates that low intakes of iron and
calcium can cause increased absorption of cad-
mium and thus consequently increased body bur-
den and excretion. Although no quantitative es-
timates of increased absorption of cadmium in
Finland are available, it is assumed that for the
iron-deficient female sub-population the absorbed
amount of cadmium is two-fold higher when com-
pared with the average.  Consequently, for those
having a high dietary intake and increased ab-
sorption, the urinary levels of cadmium would be
1.6-2.4 µg/l.
Smoking
Heavy smoking increases the U-Cd remarka-
bly. In Sweden it has been observed that the Cd-
concentration in kidneys reflecting the long-term
exposure is about 2-3 fold higher for smokers than
for non-smokers (Elinder et al. 1976, Nilsson et
al. 1995). Luoma et al. found that blood cadmi-
um level of smokers was three times higher than
in non-smokers. Based on the above data and re-
view on blood and urinary cadmium levels by
Berglund et al. (1998) it is estimated that U-Cd
of heavy smokers is about 2.5-fold as compared
non-smokers with average dietary intake of cad-
mium. This implies that U-Cd of heavy smokers is
about 1.0 µg/l. For heavy smokers, who have a high
dietary intake of cadmium the urinary level of cad-
mium would be about 1.4-1.8 µg/l (see Table 43).
 This is in agreement with results of an epi-
demiological study, where food consumption
and smoking data were used to calculate the
total absorbed daily amount of cadmium. It
was found that the maximum level of absorbed
cadmium was about five-fold more as com-
pared with that caused by the average dietary
intake (Figure 17).
Total exposure and body burden of cadmium
Three main factors contribute to the body bur-
den of cadmium, namely the dietary intake with
remarkable variation, increased absorption
caused by low dietary iron and possibly also die-
tary calcium, and smoking. The effect of these
risk factors is also demonstrated by the ranges of
the urinary cadmium level (a measure of cadmi-
um body burden) in table 37, which shows that
the maximum levels of urinary cadmium often are
several times higher than the average. This is es-
pecially the case in studies where the number of
people studied is relatively great (>100 individuals).
The concentration of cadmium in renal cortex
is another indicator of total exposure and the
accumulation of cadmium. Ala-Opas et al. (1995)
found that in the renal cancer patients (n=13)
cadmium concentration in kidney cortex in wom-
en and men were 9.4 mg/kg (3.4-14.0) and 14.7
(3.2-21.2), respectively. These values are low as
compared with the critical concentration of 50
mg/kg. Since the number of samples is very small
the wide variation of total exposure could not be
observed in this study. Elinder et al. (1976) stud-
ied samples of victims of sudden death and found
that among 292 persons in Stockholm the kidney
cortex of non-smokers and smokers contained 11
and 23 mg Cd/kg, respectively, and that about 10%
of subjects had concentration above 50 mg/kg.
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Considering all the three risk factors, it is as-
sessed that for heavy smokers who have a high
dietary intake of cadmium and increased absorp-
tion, the urinary level of cadmium would be about
2.2-3.0 µg/l.
4.4.3 Conclusions on risk characterisation
concerning Finnish population.
From the table 43, it is obvious that the cadmi-
um-exposure of the vast majority of the Finnish
population (on the average 0.4 µg/l urinary cad-
mium for non-smokers) is below critical level,
which is 2-4 µg/l.
The Joint FAO/WHO Expert Committee on
Food Additives (JECFA), which also considers
food contaminants, has scheduled the Provision-
al Tolerable Weekly Intake (PTWI) of cadmium
for re-evaluation. It seems probable that the cur-
rent PTWI value (60-70 µg/day) will be lowered.
It is noteworthy that Elinder et al. (1998b) estimat-
ed that the urinary cadmium level of 2.5 µg/l corre-
sponds to a dietary intake of about 50 µg/day.
In table 43, exposure to cadmium in the gen-
eral population is presented as well as exposure
in some risk groups. A realistic worst case sce-
nario is that some parts of the population are at-
tributed to all three risk factors specified above
and in table 43.  For those individuals, the body
burden and urinary cadmium concentration (2.2-
3.0 µg/l) exceeds many of  the critical concentra-
tions specified in table 42. Therefore, it is proba-
ble that this sub-population suffers a risk of renal
effects (increased urinary excretion of several
indicator proteins and enzymes, symptoms which
may later develop into renal dysfunction) and
calcium wasting caused by cadmium. In Finland,
the size of all the sub-populations has not been
studied.
Figure 17. Distribution of total cadmium exposure among 1348 individuals, includes the intake
from food (about 5% is absorbed) and smoking (about 25% absorbed) (Louekari et al. 1989).
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The figures presented in Table 43 indicate that
the size of each specified risk group (smokers, those
with iron deficiency and those having high dietary
intake) is large. It is likely that one risk factor does
not cause that the critical dose level is reached. It is
estimated that the “worst case scenario“ applies to
some thousands of individuals, at the most. This is
in accordance with the assessment of Elinder et al.
(1998a), in which it is estimated that adverse renal
effects (tubular damage) will develop in several
thousands people. Furthermore, according to Elinder
et al (1998a) in case the average daily dietary in-
take would increased from 15 to 30 µg/day, the prev-
alence of tubular damage would be 100 000 per-
sons in Sweden.
Elinder et al. (1998a) have assessed that dou-
bling of the dietary intake of cadmium (from 15
to 30 µg/day) “will give rise to cadmium-induced
renal tubular damage in about 1% of the general
population”. In risk groups (women with low iron
stores) the percentage would be up to 5% corre-
sponding to about 100 000. The predicted increase
of the dietary intake of cadmium in Finland - in
100 years caused by fertilizers which contain 138
mg of Cd/kg of P -  would be from 9.5 to 13.0 µg/
day (see Table 43). It is assessed that due to this
increased dietary intake of cadmium, the size of
risk group would increase to about 5 000-10 000
persons in Finland. This estimate should be re-
garded as preliminary, since there is a lack of data
on the urinary level of cadmium in Finland and
because the size of the all the risk groups has not
been studied. In the light of recent epidemiologi-
cal evidence of bone effects, i.e. increased preva-
lence of osteoporosis associated with renal effects
and potential increased renal mortality due to high
cadmium exposure, this scenario causes a con-
cern and should be prevented.
Table 43. Exposure to cadmium in Finland and corresponding urinary levels of cadmium
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Table 44.  Comparison of estimated urinary levels of cadmium in Finland with the critical urinary
concentrations in the middle-aged and elderly population (see also Tables 40, 41 and 43).
4.5 Conclusions
The three main factors of total cadmium expo-
sure: high dietary intake, increased absorption
and smoking are considered for risk assessment
in this report. The corresponding urinary levels
of cadmium and some of the critical urinary lev-
els that are associated with health effects are
compared in Table 44. From that table, it can be
concluded that for high exposure groups (ie. in
worst cases), the urinary Cd-level is about 2-3
µg/l. This is also the level of urinary excretion of
cadmium in those sub-populations which are at
risk of cadmium-induced kidney dysfunction.
Early signs of kidney dysfunction and increased
excretion of calcium in urine (calcium wasting)
have both been observed when urinary Cd is
about 2-3 µg/day.
Based on the present risk assessment of cad-
mium, which was made according to Technical
Guidance Document and the ERM recommen-
dations submitted by the Commission of the EU,
in Finland a part of the elderly population is at
risk from adverse health effects caused by cad-
mium. These pre-clinical effects should be con-
sidered adverse, since there is evidence that even
a mild kidney dysfunction caused by cadmium is
not reversible, and moreover, it progresses after
cessation of exposure. Also there is some indica-
tion that mortality in sub-populations environ-
mentally exposed to cadmium has been increased.
The effect of cadmium on the calcium metabo-
lism is considered to be serious since cadmium
exposure might enhance calcium deficiency, os-
teoporosis and thus increase the risk of fractures
which impair the health of old people.
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In Finland, for the risk groups (reasonable
worst cases) there is no margin of safety between
the estimated urinary levels and the critical lev-
els that have been associated with the health ef-
fects caused by cadmium. It is concluded that for
these sub-groups of the population, risk reduc-
tion measures are necessary. It is estimated that
the use of P-fertilizers, which contain 138 mg Cd/
kg of P for 100 years would increase the average
dietary intake of cadmium in Finland from 9.5 to
13.0 µg/day. Due to distribution of cadmium ex-
posure in the population, this would cause that
the size of population groups at risk will grow
several times greater.
As compared to many other risk assessments,
the present assessment is based on extensive hu-
man and epidemiological data and not only on
toxicological experiments with animals. There-
fore, the results can be considered to be very rel-
evant in terms of human populations.
101
5 REFERENCES
Adshead-Simonsen, P.C., Murray, G.E. and Kushner, D.J. 1981. Morphological changes in the dia-
tom, Tabellaria flocculosa, induced by very low concentrations of cadmium. Bull. Environ. Contam.
Toxicol. 26: 745-747.
Agricultural Information Centre. 1996. Agrifacts ´96 about Finland. maatalouden tiedotuskeskus,
Vernissakatu 8 A, FIN-01300 Vantaa. 25 p.
Ala-Opas M, Tahvonen R. Concentration of cadmium and lead in renal cell cancer. J Trace Elem
Med Biol 1995; 9:176-80.
Alessio, L., Apostoli, P. & Feriolo, A. 1990. Identification of reference values for metals in general
population groups. Toxicol. Environ. Chem. 27: 39-48.
Alessio, .L, Apostoli, P., Forni, A., Toffoletto 1993. Biological monitoring of cadmium exposure - an
Italian experience. Scand. J. Work. Environ. Heatlh. 19 suppl 1:27-33.
Andersen, A. 1981. Lead, cadmium, copper and zinc in the Danish Diet. Statens Levnedsmiddelinsti-
tut. Publication nr. 52, September 1981, (Summary and conclusions in English).
Andersson, A. 1977. Heavy metals in Swedish soils: On their retention, distribution and amounts.
Swed. J. Agric. Res. 7: 7-20.
Andersson, A. 1984. Cd in Swedish agricultural soils as influenced by commercial fertilizers. News-
letter from the FAO European Cooperative Network on trace elements. 3rd issue. State Univ. Gent,
Belgium. p.1-10.
Andersson, A. 1992. Trace elements in agricultural soils. Fluxes, balances and background. Nordiskt
Seminarium - Kritiska belastningsgränser för metaller i jordbruks- och skogsmark. Arlanda 17.-
18.12.1992. 29 p.
Angelone, M. and Bini, C. 1992. Trace elements concentrations in Soils and plants of Western Eu-
rope. In: Biogeochemistry of Trace Metals (Adriano, D.C., ed.). Lewis Publishers, London. p. 19-60.
Anwar, R.A., Langham, R.F., Hoppert, C.A., Alfredson, B.V. and Byerrum, R.U. 1961. Chronic tox-
icity studies. III. Chronic toxicity of cadmium and chromium in dogs. Arch. Environ. Health 3:456-
467. (ref. in CEPA 1994).
Atlas of Finland. 1960. Suomen Kartasto. (Ed. Aario L.). Geographical Society of Finland. Maps:
Maanmittaushallituksen kivipaino. Text: Kustannusosakeyhtiö Otava. Helsinki.
Backman, B., Lahermo, P., Väisänen, U., Paukola, T., Juntunen, R., Karhu, J., Pullinen, A., Rainio, H.
and Tanskanen, H. 1999. Geologian ja ihmisen toiminnan vaikutus pohjaveteen. Seurantatutkimuk-
sen tulokset vuosilta 1969-1996 (Summary: The effect of geological environment and human activi-
ties on groundwater in Finland. The results of monitoring in 1969-1996). Geological Survey of Fin-
land, Report of Investigation 147. 261 p.
102
Baird, D.J., Barber, I., Bradley, M., Soares, A.M.V.M. and Calow, P. 1991. A comparative study of
genotype sensitivity to acute toxic stress using clones of Daphnia magna Straus. Ecotoxicol. Environ.
Saf. 21:257-265. (ref. in CEPA 1994)
Baudouin, M.F. and Scoppa, P. 1974. Acute toxicity of various metals to freshwater zooplankton.
Bull. environ. Contam. Toxicol. 12: 745-751. (ref. in WHO 1992).
Benedetti, J.-L.,Turcotte, F., Lefebvre, M., Therrien, F., Weber, J.-P. 1992. Blood and urinary cadmi-
um levels in Inuit living in Kuujjuaq, Canada. Science Total Environ. 127: 167-172.
Benoit, D.A., Leonard, E.N., Christensen, G.M. and Hunt, E.P. 1976. Toxic effects of cadmium on
three generations of brook trout. Trans. Am. Fish. Soc. 6: 550-560.
Berglund M, Vahter M. Exposure and dose. In: Health effects of cadmium exposure - a review of the
literature and a risk estimate. Scandinavian Journal of Work, Environment and Health, vol 24, Sup-
plement 1, 1998, 9-18.
Berglund M, Åkesson A, Nermell B, Vahter M. Intestinal absorption of dietary cadmium in women is
dependent on body iron stores and fiber intake. Environ Health Perspect 1994; 102:1058-66.
Bergseth, H. 1989. Relationship between the degree of weathering and the content of Cd in some
European soils. In: Trends in Trace Elements. Bulletin of the F.A.O. Research Network on Trace
Elements (Gomez, A. ed.).INRA, Villenave d´Ornon, France. 1/89. p. 11-20.
Bertram, P.E. and Hart, B.A. 1979. Longevity and reproduction of Daphnia pulex (de Geer) exposed
to cadmium-contaminated food or water. Environ. Pollut. 19A: 295-305. (ref. in WHO 1992).
Bewley, R.J.F. and Stotzky, G. 1983. Effects of cadmium and zinc on microbial activity in soil; influ-
ence of clay minerals. Part I: Metals added individually. Sci. total Environ. 31: 41-55. (ref. in WHO
1992).
Biesinger, K.E. and Christensen, G.M. 1972. Effects of various metals on survival, growth, reproduc-
tion and metabolism of Daphnia magna. J. Fish. Res. Board. Can. 29: 1691-1700. (ref. in CEPA
1994).
Birge, W.J., Black, J.A. and Ramey, B.A. 1981. The reprodcutive toxicity of aquatic contaminants, in:
Saxena, J. and Fisher, F. (Eds.), Hazard assessment of chemicals. Vol 1, pp. 59-115. Acad. Press, N.Y.
(ref. in Krajnc et al. 1987).
Borgmann, U., Ralph, K.M. & Norwood, W.P. 1989. Toxicity test procedures for Hyalella azteca,
and chronic toxicity of cadmium and pentachlorphenol to H. aztetca, gammarus fasciatus, and Daph-
nia magna. Arch. environ. Contam. Toxicol. 18: 756-764. (ref. in WHO 1992).
Bresch, H. 1982. Investigation of the long-term action of xenobiotics on fish with special regard to
reproduction. Ecotox. Environ. Saf. 6: 102-112.
Brockhaus, A., Freier, I., Ewers, U., Jerman, E., Dolgner, R. 1983. Levels of cadmium and lead in
blood in relation to smoking sex, occupation, and other factors in an adult population of the FRG.
Int. Arch. Occup. Health 52: 167-175.
103
Buchet, P., Lauwerys, R. 1983. Oral daily intake  of cadmium, lead, manganese, copper, chromium,
mercury,  calcium, zinc and arsenic in Belgium: a duplicate meal study. Fd Chem. Toxic. 21: 19-24.
Buchet, J.P., Lauwerys, R., Roels, H., Bernard, A., Brauaux, P., Claeys, F., Ducoffre, G., De Plaen, P.,
Staessen, J., Amery, A., Lijnen, P., Thijs, L., Rondia, D., Sartor, F., Saint-Remy, A. & Nick, L. 1990.
Renal effects of cadmium body burden of the general population. Lancet 366: 699-702.
Budavari, S., O’Neil, M.J., Smith, A. and Heckelman, P.E. 1989. The Merck Index: An Encyclopedia
of Chemicals, Drugs, and Biologicals, Merck and Company Inc., Rahway, NJ.
Burnison, G., Wong, P.T.S., Chan, Y.K. and Silverberg, B.A. 1975. Toxicity of cadmium to freshwater
algae. Proc. Can. Fed. Biol. Soc. Winnipeg 18: 182. (ref. in Kranjc et al. 1987).
Bäcklund M, Vahter M, Björklund L, Pedersen N. Environmental and genetic factors determining the
concentration of cadmium and lead in blood from middle aged and elderly people: report from the
toxicology programme. Stockholm: Karolinska Institute, 1996:pp 20.
Cain, J.R., Paschal, D.C. and Hayden, C.M. 1980. Toxicity and bioaccumulation of cadmium in the
colonial green alga Scenedesmus obliquus. Arch. environ. Contam. Toxicol. 9: 9-16. (ref. in WHO
19929)
Canton, J.H. and Slooff, W. 1982. Toxicity and accumulation studies of cadmium Cd2+ with freswa-
ter organisms of different trophic levels. Ecotoxicol.Environ.Saf. 6:113-128.
Carvalho, F.M., Travares, T.M., Silvany-Neto, A.M., Lima, M.E.C., Alt, F. 1986. Cadmium concen-
trtaion in blood of children living near a lead smelted in Bahia, Brazil. Environ. Res. 40: 437-449.
CEPA (Canadian Environmental Protection Act). 1994. Priority Substances List Assessment Report.
Cadmium and its compounds. Goverment of Canada, Environment of Canada and Health of Cana-
da. 97 pp. Ottawa, Canada.
Chaney, R.L. and Hornick, S.B. 1978. Accumulation and effects of cadmium on crops. In: Proceed-
ings of the First International Cadmium Conference, San Francisco. Metals Bulletin Ltd., London. p.
125-140.
Chapman, G.A., Ota, S. and Recht, F. 1980. Effects of water hardness on the toxicity of metals to
Daphnia magna. Status report, January 1980, U.S.EPA. Corvallis, Oregon.
Chapman, G. & Dunlop, S. 1981. Detoxification of zinc and cadmium by the freshwater protozoan
Tetrahymena pyriformis. I. The efeect of water hardness. Environ. Res. 26: 81-86. (ref. in WHO
1992).
Chardon, W.J. 1984. Mobiliteit van cadmium in de bodem. Thesis LH Wageningen (ref. in Ros &
Slooff 1988).
Chlopecka, A., Bacon, J.R., Wilson, M.j. and Kay, J. 1996. Forms of cadmium, lead, and zinc in
contaminated soils from south-west Poland. J. Environ. Qual. 25 (1): 69-79.
Christensen, T.H. 1984. Cadmium soil sorption at low concentrations: I Effect of time cadmium load,
pH and calcium. Water, Air and Soil Pollution 21: 105-114.
104
Christensen, T.H. Department of Environmental Engineering, Technical University of Denmark 1989.
Polyteknisk Forlag.
Christensen, T.H. 1983. Cadmiums akkumulering i landbrugsjord og optag i planter. Labor. Tekn.
Hygiejne, Danmarks Tekniske Hojskole, Lyngby. 148 p.
Christensen, T.H. 1989. Cadmium soil sorption at low concentrations: VIII. Correlation with soil
parameters. Water, Air and Soil Pollut. 44: 71-82, in: Cadmium soil sorption at low concentrations,
Christensen, T.H. and Tjell, J.C. 1990. Cadmium attenuation in soils. Department of Environmental
Engineering 1865-1990. Technical University of Denmark. p. 30-31.
Clubb, R.W., Gaufin, A.R. and Lords, J.L. 1975. Acute cadmium toxicity studies upon nine species of
aquatic insects. Environ. Res. 9: 331-341. (ref. in WHO 1992).
Conway, H.L. 1978. Sorption of arsenic and cadmium and their effects on growth, micronutrient
utilization, and photosynthetic pigment composition of Asterionella formosa. J. Fish Res. Board.
Can. 35: 286-294. (ref. in WHO 1992).
Conway, H.L. and Williams, S.C. 1979. Sorption of cadmium and its effect on grwoth and the utili-
zation of inorganic carbon and phosporus of two freshwater diatoms. J. Fish. Res. Bd. Can. 36: 579-
586. (ref. in Kranjc et al. 1987).
Coomes, T. J., Sherlock, J.C., Walters, B. 1982. Studies in dietary intake and  extreme  consumption.
Royal Soc. Health J. 102 (3): 119-123.
Coppola, S., Dumontet, S. Pontonio, M., Basile, G. and Marino, P. 1988. Effect of cadmium-bearing
sewage sludge on crop plants and microorganisms in two different soils. Agric. Ecosys. Environ. 20:
181-194. (ref. in CEPA 1994).
Council of State decision on using the sewage sludge in agriculture 1994. Valtioneuvoston päätös
puhdistamolietteen käytöstä maanviljelyksessä. 1994. Suomen säädöskokoelma Nr 282: 803-807.
Cusimano, R.F., Brakke, D.F. and Chapman, G.A. 1986. Effects of pH on the toxicities of cadmium,
copper and zinc to Steelhead trout, Salmo gairdneri. Can. J. Fish.Aquat. Sci. 43: 1497-1506.
Dabeka, R.W., McKentzie, A.D. 1988. Lead and cadm1um  levels in commercial infant foods and
dietary intake by infants 0-1 year  old. Food Add. Contam. 5: 333-342.
Davister, A. 1996. Studies and Research on Processes for the elimination of cadmium from phosphor-
ic acid. OECD Proceedings - Fertilizers as a Source of Cadmium. IOMC. Paris. p. 21-30.
del Castilho, P., Bril, J., Römkens, P. and Oenema, O. 1996. Managing Cadmium contamination of agri-
cultural land. In: OECD Procedings - Fertilizers as a Source of Cadmium. IOMC. Paris. p. 153-167.
Dijkshoorn, W., Lampe, J. and VanBrekhoven, L.W. 1983. The effect of soil pH and chemical form of
nitrogen fertilizer on heavy metal contents of ryegrass. Fertilizer Research 4: 63-74.
Dixon, R.K. and Buschena, C.A. 1988. Response of Ectomycorrhizal Pinus banksiana and Picea
glauca to heavy metals in soil. Plant Soil 105: 265-272. (ref. in CEPA 1994).
105
Doelman, P., Nieboer, G., Schrooten, J. and Visser, M. 1984. Antagonistic and synergistic toxic ef-
fects of Pb and Cd in a simple foodchains: Nematodes feeding on bacteria and fungi. Bull. environ.
Contam. Toxicol. 32: 717-723. (ref. in WHO 1992).
Eisler, R., Zaroogian, G.E. and Hennekey, R.J. 1972. Cadmium uptake by marine organisms. J. Fish.
Res. Board. Can. 29: 1367-1369. (ref. in WHO 1992).
Elinder C G, Berglund M, Järup L, Nordberg G, Vahter M (a). Risk characterisation. In: Health
effects of cadmium exposure - a review of the literature and a risk estimate. Scandinavian Journal of
Work Environment and Health, vol 24, Supplement 1, 1998, 41-44.
Elinder C G, Nordberg G. Kidneys (b). In: Health effects of cadmium exposure - a review of the
literature and a risk estimate. Scandinavian Journal of Work Environment and Health, vol 24, Sup-
plement 1, 1998, 18-28.
Elinder, C.-G., Johnson, L., Piscator, M. and Rahnster, B. 1981. Histopathological changes in relation
to cadmium concentration in horse kidneys. Environ. Res. 26: 1-21. (ref. in CEPA 1994).
Elinder C-G, Kjellström T, Lind B, Linnman L. Cadmium concentrations in kidney cortex, liver and
pancreas among autopsied Swedes. Arch Environ Health 1976; 31:292-302.
Elliott, J.E., Scheuhammer, A.M. , Leighton, F.A. and Pearce, P.A. 1992. Heavy metal and metallot-
hionein concentrations in Atlantic Canadian seabirds. Arch. Environ. Contam. Toxicol. 22: 63-73.
(ref. in CEPA 1994)
Ellis, K.J., Yasumura, S., Vartsky, D., Cohn, S. 1983. Evaluation of biological indicators of body
burden of cadmium in humans. Fund. Appl. Toxicol. 3: 169-74.
Eriksson, J.E., Andersson, A. and Wenblad, A. 1990. Cd, Ni and Zn contents of oat grains as related
to soil factors and precipitation.  Swedish Journal of Agricultural Research 20: 81-87.
Eriksson, J., Södersröm, M., and Andersson, A. 1995. Kadmiumhalter i matjorden i svensk åkermark
(Cadmium contents in the plough layer of Swedish agricultural soils). Naturvårdsverket. Rapport
4450. 30 p.
Eriksson, J. Oborn, I., Jansson G. and Andersson, A. 1996. Factors influencing cadmium content in
crops: result from Swedish field investigations. Swedish J. Agric. Res. 26: 125-133.
Erviö, R., Mäkelä-Kurtto, R. and Sippola, J. 1990. Chemical characteristics of Finnish agricultural
soils in 1974 and in 1987. In: Acidification in Finland (Kauppi, P. et al., eds), Springer-Verlag, Berlin,
Heidelberg. p. 217-234.
ERM (Environmental Resources Management). 2000. A study to establish a programme of detailed
procedures for the assessment of risks to health and the environment from cadmium in fertilizers.
Final report. February 2000. European Commission, Directorate General Industry. 72 p. + Ann.
European Environment Agency. 1995. Europe´s Environment. The Dobris Assessment. Eds. Stanner,
D. and Bourdeau, P. Earthscan Publications, London. 676 p.
Eurostat, European Commission. 1995. Europe´s Environment, Statistical Compendium for the Do-
bris Assessment. Brussels. 455 p.
106
Ewers, U., Brockhaus, Dolgner, R., Ingeborg, F., Jerman, E., Hahn, R., Schlipköter, H.-W., Bernard,
A. 1985. Cadmiumbelastung und Nierenfunktionsstörungen. Staub Reinhaltung der Luft, Band 45,
nr. 12: 560-566.
Ferard, J.F., Jouany, J.M., Truhaut, R. and Vasseur, P. 1983. Accumulation of cadmium in a freshwa-
ter food chain experimental model. Ecotoxicol. environ. Saf. 7: 43-52. (ref. in WHO 1992).
Finlayson, B.J. & Verrue, K.M. 1982. Toxicities of copper, zinc and cadmium mixtures to juvenile
chinook salmon. Trans. Am. Fish. Soc. 111:645-650. (ref. in WHO 1992).
Finnish Meteorological Institute. 1994. Results on the quality of air at the background stations 1993.
Helsinki.
Finnish Meteorological Institute. 1997-1999. Air quality measurements. Helsinki.
Flanagan, P.R., McLellan, J.S., Haist, J., Cherian, M.G., Chamberlain, M.J., Valberg, L.S. 19778.
Increased dietary cadmium absorption in mice and human subjects with iron deficiency. Gastroenter-
ology 74: 841-846.
Fontana, S.A., Boulos, B.M. 1986. Lifestyle/Environmental factors and blood cadmium levels in hyper-
sensitive and normotensive individuals. J. Hypertension 4 (5): S361-S363.
Forsius, M., Kämäri, J., Kortelainen, P., Mannio, J., Verta, M. and Kinnunen, K. 1990. Statistical
lake survey in Finland: regional estimates of lake acidification. In: Acidification in Finland, Kauppi,
P., Anttila, A and Kenttämies, K. (eds.), Springer-
Verlag, Berlin, Heidelberg, pp. 759-780.
Friberg, L., Kjellström, T., Nordberg, G., Piscator, M. 1975. Cadmium in the environment. III. A
toxicological and epidemiological appraisal, Washington DC, US Environment Protection Agency,
Office of Research and Development, 217 pp.
Friberg, L., Vahter, M. 1983. Assessment of exposure to lead and cadmium through biological monitor-
ing: results of a UNEP/WHO Global Study. Environ. Res. 30: 95-128.
Garrett, R.G. 1996. Natural sources of cadmium. Cources of Cadmium in the Environment. OECD
Proceedings. IOMC (Inter-Organization Programme for the Sound Management of Chemicals. p.
149-161. ISBN 92-64-15343-8.
Gerritse, R.G., van Driel, W., Smilde, K.W. and van Luit, B. 1983. Uptake of heavy metals by crops
inrelation to their concentration in the soil solution. Plant and Soil 75: 393-404.
Gerritse, R.G., van Driel, W. 1984. The relationship between adsorption of trace metals, organic
matter and pH in temperate soils. J. Environ. Qual. 13: 197-204.
Hale, J.G. 1977. Toxicity of metal mining wastes. Bull. Environ. Contam. Toxicol. 17: 66-73.
Hall, W.S., Paulson, R.L., Hall, L.W. and Burton, D.T. 1986. Acute toxicity of cadmium and sodium
pentachlorophenate to Daphnids and fish. Bull. environ. Contam. Toxicol. 37: 308-316. (ref. in WHO
1992).
107
Hapke, H.-J. 1991. Effects of metals on domestic animals, in: Metals and their compounds in the
environment, Merian, E. (ed.), VCH Publishers, Inc., New York, USA. 1438 pp.
Hassler, E., Lind, B., Piscator, M. Cadmium in blood and urine related to present and past exposure.
A study of workers in an alkaline battery factory. Br. J. Ind. Med. 40: 420-425.
Hayano, M., Nogawa, K., Kido, T., Kobayashi, E., Honda, R., Turitani, I. 1996.
Dose-response relationship between urinary cadmium concentration and beta2-microglobulinuria
using logistic regression analysis. Arch. environ. Health 51: 162-7.
Hero, H. 2000. Personel comminucation. Kemira, Kemira Agro Oy.
Hill, E.F. and Camardese, M.B. 1986. Lethal dietary toxicities of environmental contaminants and
pesticides to Coturnix. Washington, DC, US Department of Interior, Fish and Wildlife Service (Fish
and Wildlife Technical Report No. 2). (ref. in WHO 1992).
Hill, E.F., Heath, R.G., Spann, J.W. and Williams, J.D. 1975. Lethal dietary toxicities of environmental
pollutants to birds. Washington, DC, US Department of Interior, Fish and Wildlife Service (Fish and
Wildlife Technical Report No. 191). (ref. in WHO 1992).
Hovmand, M.F., Tjell, J.C. and Mosbaek, H. 1983. Plant uptake of airborne cadmium. Environ.
Pollut. (Ser. A), 30: 27-38.
Hunter, B.A. and Johnson, M.S. 1982. Food-chain relationships of copper and cadmium in contami-
nated grassland ecosystem. Oikos 38: 108-117. (ref. in ICME 1995).
Huttchinson, T.C. & Czyrska, H. 1975. Heavy metal toxicity and synergism to floating aquatic
weeds. Verh. Int. Ver. Limnol. 19: 2102-2111. (ref. in WHO 1992).
Hynönen, T. and Hytönen, J. 1998. Pellosta metsäksi (From cultivated field to afforested land). Metsän-
tutkimuslaitos. Pihlaja-sarja nro 1. Metsälehti Kustannus. 152 p. ISBN 952-5118-07-X. (in Finnish).
IARC 1993. Cadmium and cadmium compounds. IARC Monographs on the evaluation of the car-
cinogenic risk of chemicals to humans; 58: 119-237.
ICME (International Council on Metals and the Environment) 1995. Persistence, bioaccumulation
and toxicity of metals and metal compounds. Parametrix, Inc. 93 pp. Washington, USA.
Iwata K, Saito H, Moriyama M, Nakano A.Renal tubular function after reduction of environmental
cadmium exposure: a ten-year follow-up. Arch Environ Heatlh 1993;48:157-63.
Ikeda, M., Moon, C.S., Zhang, Z.W., Iguchi, H., Watanabe, T., Iwami, O., Imai, Y. Shimbo, S. 1995.
Urinary alpha1-microglobulin, beta2-microglobulin, and retinolbinding protein levels in general
populations in Japan with references to cadmium in urine, blood, and 24-hour food duplicates. Envi-
ron. Res 70: 35-46.
Imai, T. 1995. The effects of long-term intake of restricted calcium, vitamin D, and vitamin E and
cadmium-added diets on the bone mass of mouse femoral bone: a microdensitometrical study. Jpn. J.
Hyg. 50: 754-762.
108
Information Centre of the Ministry of Agriculture and Forestry. 1995. Monthly Review of Agricul-
tural Statistics 12. 34 p.
Inskip, H., Beral, V., McDowall, M. 1982. Mortality of Shipham residents: 40-year follow-up. Lan-
cet :1425-1427.
Ishizaki, M., Kido, T., Hnda, R., Tsuritani, I., Yamada, Y., Nakagawa, H., Nogawa, K. Dose re-
sponse relationship between urinary cadmium and beta 2-microglobulin in a Japanese environmen-
tally cadmium exposed population. Toxicology 58 (2): 121-31.
Jaagumagi, R. 1990. Development of the Ontario Provincial Sediment Quality Guidelines for ar-
senic, cadmium, chromium, copper, iron, lead, manganese, mercury, nickel, and zinc. Water Resourc-
es Branch, Ontario Ministry of Environment. (ref. in CEPA 1994).
Jackson, A.P. and Alloway, B.J. 1991. The transfer of cadmium from sewage-sludge amended soils
into edible components of food crops. Water, Air and Soil Pollution 57-58: 873-881.
Jackson, A.P. and Alloway, B.J. 1992. The transfer of cadmium from agricultural soils to the human
food chain. In: Biogeochemistry of Trace Elements (ADRIANO, D.C., ed.). Lewis Publishers, Lon-
don. p. 108-158.
Jones, K.C., Symon, C.J. and Johston, A.E. 1987. Retrospective analysis of of archieved soil collec-
tion. 11. Cadmium. Sci. Total Environ. 67: 75-89.
Johnston, A.E., Jones, K.C. 1996. The origin and fate of cadmium in soil. In: OECD Proceedings -
Sources of Cadmium in the Environment. IOMC. Paris. p. 360-383.
Jung, K., Pergande, M., Graubaum, H.J., Fels, L.M., Endl, U., Stolte, H. 1993. Urinary proteins and
enzymes as early indicators of renal dysfunction in chronic exposure to cadmium. Clin. Chme. 39 (5):
757-65.
Järup L. Bone. In: Health effects of cadmium exposure - a review of the literature and a risk estimate.
Scandinavian Journal of Work Environment and Health, vol 24, Supplement 1, 1998, 31-34.
Järup L, Elinder C-G. Dose-response relations between urinary cadmium and tubular proteinuria in
cadmium exposed workers. Am J Ind Med 1994;26:759-69.
Järup L, Persson B, Elinder C-G. Decreased glomelural filtration rate in cadmium exposed solders.
Occup Environ Health 1995; 52:818-22.
Järup L, Cardston MD, Elinder CG, Hellström L, Persson B, Schutz A. Enzymuria in a population
living near a cadmium battery plant. Occup Environ Med 1995;52:770-2.
Kaarstad, O. 1991. Cadmium in commercial fertilizers - Influence on soil content and plant uptake.
In: Int. Symp. on Human and Animal Health in Relation to Circulation Processes of Selenium and
Cadmium (LÅG, J. ed.). Oslo. Norw. Acad. Sci. Letter. p. 79-87.
Kabata-Pendias  and Pendias 1984. Trace Elements in Soils and Plants. CRC Press, Boca Raton, Fl.,
USA. 315 p.
109
Kalkitusyhdistys. 2000. Maanparannuskalkkitoimitukset maaseutukeskuksittain kalkitusvuonsina 96/
97, 97/98 ja 98/99. Kalkitusyhdistys, Eteläranta 10, 00130 Helsinki. 13.01.2000. 24 p.
Kido T, Nogawa K, Ishizaki M, Honda R, Tsuritani I, Yamada Y et al. Long-term observation of
serum creatinine and arterial blood pH in persons with cadmium-induced renal dysfunction. Arch
Environ Health 1990;45:35-41.
Kähäri, J. 1989. Suomen pellot edelleen happamia (Finnish cultivated fields still acidic).
Leipä leveämmäksi 37 (3): 7.
Kawada, T., Shinmyo, R.R., Suzuki, S. 1992. Urinary cadmium and N-acetyl-beta-D-glucoosamini-
dase excretion of inhabinants living in a cadmium-polluted area. Int. Arch. Occup. Environ. Health
63 (8): 541-6.
Kemira. 1991. Ympäristöraportti  (Environment Report). 47 p.
Kemira, Kemira Agro Oy. 1994. Lannoitteiden myynnin jakautuminen maaseutukeskusalueittain
lannoitusvuonna 1993/94 (Statistics on fertilizer sale). 15 p.
Kido, T., Nogawa, K., Ohmichi, M. 1992. Significance of urinary cadmium concentration in a Japa-
nese population environmentally exposed to cadmium. Arch. Environ. Health 47: 196-202.
Kivioja, M-L. 1982. Haitallisten aineiden joutuminen lannoitteissa ja ilmasta laskeutumana maaperään
Suomessa. (heavy metals load from mineral fertilizers and deposition into the soil in Finland). Work
Rep. of Kemira, Espoo Res. Cent. 8.11.1982. 9 p.
Kjellström, T. Effects on bone vitamin D and calcium metabolism. In: Friberg, L., Elinder, C.-G.,
Kjellström, T. and Nordberg, G.F. (eds.). Cadmium and Health: A Toxicological and Epidemiological
Appraisal, vol. I, Exposure, Dose and Metabolism, Boca Raton, FL, CRC Press, pp. 179-197.
Kobus, J. and Kurek, E. 1990. Effect of cadmium contained in plant residues on their microbial
decomposition. Zentral Mikrobiol. 145: 283-291. (ref. in CEPA 1994).
Kortelainen, P., Mannio, J., Forsius, M., Kämäri, J. & Verta, M. 1989. Finnish lake survey: The role
of  organic and anthropogenic acidity. Water, Air and Soil Pollution 46: 235-249.
Kowal, N.E. 1988. Urinary cadmium and beta2-microglobulin: correlation with nutrition and
smoking history. J. toxicol. environ. Health 25: 179-183.
Kowal, N.E., Johnson, D.E., Kraemer, D.F., Pahren, H.R. 1979. Normal levels of cadmium in diet,
urine, blood, and tissues of inhabitants of United States. J. Toxicol. environ. Health 5: 995-1014.
Krajnc, E.I., van Gestel, C.A.M., Mulder, H.C.M., de Vrijer, Fl., Sinkeldam, E.J., Vink, G.J., Canton,
J.H., van Apeldoorn, M.E. and Janus, J.A. 1987. Integrated criteria document cadmium. Effects.
Appendix to Report nr. 758476004. RIVM, Bilthoven, The Netherlands.
Kraug, G., Schaller, K.-H., Winter, L. 1988. The influence of occupational cadmium-exposure on
various element levels in human blood. Zbl. Bakt. Hyg. B 186: 95-107.
110
Krause, C., Chutsch, M., Henke, M., Huber, M., Kleim, C., Schultz, C., Schwarz, E. 1989. Umwelt-
Survey, Band I, Studienbeschreibung und Humanbiologisches Monitoring. WaBoLu Hefte 5/1989,
Institut für Wasser-, Boden und Lufthygiene des Budesgesundheitsamtes.
Kreis, I.A. 1990. Cadmium contamination of the countryside, a case study on health effects. Toxicol.
Ind. Health 6: 181-188.
Kuhn, R., Pattard, M., Pernak, K.-D. and Winter, A. 1989. Results of the harmful effects of water pollut-
ants to Daphnia magna in the 21 day reproduction test. Water Res. 23: 501-510. (ref. in WHO 1992).
Kumpulainen, J. 1991. Intake of Heavy Metals: Comparison of Methods. In: Nordberg, G.F., Herber
R.F.M. and Alessio, L. (eds.). Proceedings of international symposium cadmium in the human envi-
ronment, toxicity and carcinogenicity: Gargnano, Italy, Sept. 1991. Lyon: International Agency for
Research on Cancer, 1992. pp. 93-9.
Kurki, M. 1972. Suomen peltojen viljavuudesta II. Referat: Uber die Fruchbarkeit desfinnischen Ack-
erbodens auf Grund der in den Jahren 1955-1970 durchgefuhrten Bodenfruchtbarkeitsuntersuchun-
gen. 182 p. Helsinki.
Langston, W.J. 1990. Toxic effects of metals and the incidence of metal pollution in marine systems,
in: Heavy metals in the marine environment, R.W. Furness and P.S. Rainbow (eds.), CRC Press, Boca
RAton, FL, pp. 101-123. (ref. in CEPA 1994).
Lauwerys, R., Bernard, R., Buchet, J.P., Roels, H., Bruaux, P., Claeys, F., Ducoffre, G., De Plaen P.,
Staessen, J., Amery, A., Fagard, R., Lijnen, P., Thijs, L., Rondia, D., Sartor, F., Saint Remy, A., Nick,
L. 1991. Does environmental exposure to cadmium represent a health risk ? Conclusions from the
Cadmibel study. Acta Clinica Belgica 46.4: 219-225.
Leffler PE, Jin T, Nordberg GF. Nephrotoxic impact of multiple short interval injections of cadmium-
metallothionein in the rat. Toxicology 1996;112:151-6.
Luoma PV, Nayha S, Pyy L, Hassi J. Association of blood cadmium to the area of residence and
hypertensive disease in Arctic Finland. Sci Total Environ 1995;160-161:571-5.
Levinen, R. 1994. Lietteen laatu (Quality of municipal sewage sludges). Vesi- ja ympäristöhallituk-
sen monistesarja Nro 550: 19-24.
Lin, J.L., Lu, F.H., Yeh, K.H. 1995. Increased body cadmium burden in Chinese women without
smoking and occupational exposure. J. Toxicol. Clin. Toxicol. 33: 639-44.
Louekari, K. 1992. Estimation of dietary intake of cadmium -reliability of methods, pp 163-168. In:
Cadmium in the Human Environment: Toxicity and Carcinogenicity, G. F. Nordberg, R. F. M. Her-
ber and L. Alessio (eds:), IARC Scientific Publications No 118, Lyon 1992.
Louekari, K., Jolkkonen, L., Varo, P. 1988. Exposure to cadmium from foods, estimated by analysis
and calculation - comparison of methods. Food Addit. Contam. 5: 111-117.
Louekari, K., Uusitalo, U., Pietinen, P. 1989. Variation and modifying factors of the exposure to lead
and cadmium based on and epidemiological study. Science Total Environ. 84: 1-12.
111
Louekari, K., Valkonen, S., Pousi, S., Virtanen, L. 1991. Estimated dietary intake of lead and cadmi-
um and their concentration in blood. Science Total Environ. 105: 87-99.
Maatalouskeskusten liitto. 1991. Kalkitusopas (Guidelines for liming). Tieto tuottamaan 55. 77 p.
Mahler, R.J., Bingham, F.T. & Page, A.L. 1978. Cadmium enriched sewage sludge application to acid
and calcareous soils. Effect on yield and cadmium uptake by lettuce and chard. J. Environ. Qual. 7:
274-281. (ref. in WHO 1992).
Mäkelä-Kurtto, R. and Kemppainen, E. 1993. Karjanlannassa vähäisiä määriä kadmiumia (Low
concentrations of Cd in farm yard manures). Koet. ja Käyt. 50: 7.
Mäkelä-Kurtto, R. and Sippola, J. 1995. Erilliskerätyn biojätekompostin lannoitusvaikutus (Fertiliz-
ing value of biowastecompost). Pääkaupunkiseudun julkaisusarja C 18, 46 p.
Mäkelä-Kurtto, R., Lindstedt, L. and Sippola, J. 1992. Laboratorioiden ja analyysimenetelmien välinen
vertailututkimus viljelymaan raskasmetalleista (Interlaboratory comparison test on analytical meth-
ods for heavy metals). Maatalouden tutkimuskeskus (Agricultural Research Centre), Tiedote (Re-
search Report) 18/92. 61 p. + 3 liitettä. (in Finnish).
Mäkelä-Kurtto, R., Sippola, J., Inkinen, R., and Väänänen, P. 1993. Agricultural use of industrial
sewage sludges. NJF-seminar No. 213: Quality evaluation of compost and sludge products for appli-
cation in agriculture. NJF-Utredning/Rapport Nr. 86. p. 75-87.
Malley, D.F. and Chang, P.S.S. 1991. Early observations on the zooplankton community of a precam-
brian shield lake receiving experimental additions of cadmium. Verh. Internat. Verein. Limnol. 24.
2248-2253. (ref. in CEPA 1994).
Mannio, J. and Vuorenmaa, J. 1996. Pohjoismainen järvikartoitus: yhteinen pohja happamoitumisen
ja rehevöitymisen arvioinnille (abstract in english), in: Ympäristögeologian sovellutuksia. GTK-SYKE
ympäristötutkimusseminaari 1.10.1996, Nystén, T., Suokko, T. and Tarvainen, t. (eds.), Suomen
ympäristö 71, pp. 67-74.
Mannio, J., Verta, M. and Järvinen, O. 1993. Trace metal concentrations in the water of the small
lakes, Finland. Appl. Geochem., Suppl. Issue No. 2: 57-59.
Mäntylahti, V. 1997. Viljavuustilastoissa näkyy maatalouspolitiikan suuri muutos (Big changes in
agricultural policy have reflections on fertility statistics). Maatilan Pirkka (1): 7-8.
Mayack, L.A., Bush, O.J., Fletcher, O.J., Page, R.K. and Fendley, T.T. 1981. Tissue residues of dietary
cadmium in wood ducks. Arch. Environ. Contam. Toxicol. 10: 637-646. (ref. in CEPA 1994).
McBride, M., Sauve, S. and Hendershot, W. 1997. Solubility control of Cu, Zn, Cd and Pb in contam-
inated soils. J. Soil Sci. 48: 337-346.
McKim, J.M. 1977. Evaluation of tests with the early life stages of fish for predicting long-term
toxicity. J. Fish Res. Bd: Can. 34: 1148-1154.
McLaughlin, M.J., Tiller, K.G. and Hamblin, A. 1996. Managing Cadmium contamination of agri-
cultural land. In: OECD Procedings - Fertilizers as a Source of Cadmium. IOMC. Paris. p. 189-217.
112
Melanen, M., Ekqvist, M. Mukherjee, A.B., Aunela-Tapola, L., Verta, M. and Salmikangas, T. 1999.
Atmospheric emissions of heavy metals in Finland in the 1990s. The Finnish Environment 329. Hel-
sinki. 86 p.
Ministry of Agriculture and Forestry 1994. Päätös lannoitteista (Decision on fertilizers). Suomen
säädöskokoelma N:o 45: 45-163.
Ministry of Environment 1995. Valtakunnallinen jätesuunnitelma vuoteen 2005 (Finnish waste strat-
egy by the year 2005). 29.12.1995. In Finnish. 285 p.
Ministry of Environment. 1998. A proposal for a Council of State decision on evaluation of soil
contamination and need for remediation. Memorandum 8.10.1998, 15 p.
Ministry of Foreign Affairs and Ministry of Agriculture and Forestry. 1992. Agriculture in Finland.
20 p. + 26 supporting tables.
Ministry of Trade and Industry 1996. Päätös eräiden tavallisimpien kontaminanttien enimmäismääristä
elintarvikkeissa (Decision on maximum content of certain most common contaminants in foodstuffs).
Suomen säädöskokoelma N:o 134: 500-502.
Ministry of Agriculture and Forestry 1994. Päätös haitallisista aineista ja eliöistä rehuissa (Decision
on harmful substances and organisms in fodder. Suomen säädöskokoelma N:o 184: 578-584.
Ministry of Agriculture and Forestry 1994. Päätös eräistä lannoitevalmisteista (Decision on certain
fertilizer preparations). Suomen säädöskokoelma N:o 46: 164-174.
Mirenda, R.J. 1986. Toxicity and accumulation of cadmium in the crayfish, Orconectes virilis (Hagen).
Arch. environ. Contam. Toxicol. 15: 401-407. (ref. in WHO 1992).
Mitchell, C.D. and Fretz, T.A. 1977. Cadmium and zinc toxicity in white pine, red maple and Nor-
way spruce. J. Am. Soc. Hortic. Sci. 102: 81-84. (ref. in WHO 1992).
Moolenaar, S.W. and Lexmond, Th.M. 1998. Heavy-metal balances of agro-ecosystems in the Neth-
erlands.  Netherlands Journal of Agricultural Science 46: 171-192.
Moolenaar, S.W. 1999a. Heavy metal balances, Part I: General aspects of cadmium, copper, zinc and
lead balance studies in agro-ecosystems. Journal of Industrial Ecology 2 (4): 45-60.
Moolenaar, S.W. 1999b. Heavy metal balances, Part II: Management of cadmium, copper, lead and
zinc in European agro-ecosystems. Journal of Industrial Ecology 3 (1): 41-53.
Moreau, T., Lellouch, J., Juguet, B., Festy, B., Orssaud, G., Claude, J.F. 1983. Blood cadmium levels
in a general male population with special reference to smoking. Arch. Environ. Health 38: 163-167.
Mortvedt, J.J., Mays, D.A. and Osborn, G. 1981. Uptake by wheat of cadmium and other heavy
metal contaminants in phosphate fertilizers. J. Environ. Qual. 10 (2): 193-197.
Mortvedt J.J. and Osborn G. (1982). Studies on the chemical form of cadmium contaminants in
phosphate fertilizers. Soil Science 134: 185-192.
113
Mulla, D.A., Page, A.L. and Ganje T.J. 1980. Cadmium accumulations and bio-availability in soils
from long term phosphorus fertilization. J. Environ. Qual. 9 (3): 408-412.
Muller, P.W., Smith, S.J., Steinberg, K.K, Thun, M.J. 1989. Chronic renal tubular effects in relation to
urine cadmium levels. Nephron 52 (1): 45-54.
Mustaniemi, A., Hallikainen, A. 1994. Cadmium intake from food. Finnish National Food Adminis-
tration. Research notes 13. 20 pp. (Summary in English)
Mykkänen, H., Räsänen,  L.,  Ahola,  M., Kimppa, S. 1986. Dietary intakes of mercury, lead, cadmi-
um and arsenic by  Finnish  children. Human Nutrition: Applied Nutrition 40A: 32-39.
Naidu, C.K. and Reddy, T.K.R. 1988. Effect of cadmium on microorganisms and microbe-mediated
mineralization process in the soil. Bull. environ. Contam. Toxicol. 41: 657-663. (ref. in WHO 1992).
Nakagawa, H., Nishijo, M., Morikawa, Y., Tabata, M., Senma, M., Kitagawa, Y., Kawano, S.,
Ishizaki, M., sugita, N., Nishi, M. et al. 1993. Urinary beta 2-microglobulin concentration and mor-
tality in a cadmium-polluted area. Arch. Environ. Health 48 (6): 428-35.
Nicholson, J.K. and Osborn, D. 1983. Kidney lesions in pelagic seabirds with high tissue levels of
cadmium and mercury. J. Zool. 200: 99-118. (ref. in CEPA 1994).
Niemi, E. and Hallikainen, A. 1993. Kotimaisten ja ulkomaisten kasvisten nitraatti- ja raskasmetal-
lipitoisuudet (Summary in English: Nitrate and heavy metal levels in domestic and imported vegeta-
bles). Elintarvikeviraston tutkimuksia (National Food Administration/Notes) 11/1993. 23 p.
Niemi, A., Venäläinen, E.-R., Hirvi, T., Hirn, J. and Karppanen, E. 1991. The lead, cadmium and
mercury concentrations in muscle, liver and kidney from Finnish pigs and cattle during 1987-1988.
Nilsson U, Schutz A, Skerfving S, Mattson S. Cadmium in kidneys in Swedes measured in vivo using
X-ray fluorescence analysis. Int Arch Occup Health 1995; 67:405-11.
Nir, R., Gasith, A. and Perry, A.S. 1990. Cadmium uptake and toxicity to water hyacinth: effect of
repeated exposure under controlled conditions. Bull. environ. Contam. Toxicol. 44: 149-157. (ref. in
WHO 1992).
Nishijo, M., Nakagawa, H., Morikawa, Y., Tabata, M., Senma, M., Miura, K., Takahara, H., Ka-
wano, S., Nishi, M., Mizukoshi, K. et al. 1995. Mortality of inhabitantns in an area polluted by
cadmium: 15 year follow-up. Occup. Environ. Med. 52 (3): 181-4.
Nissinen, O.1996. Analysis of climatic factors affecting snow mould injury in first-year timothy (Ph-
leum pratense L.) with special reference to Sclerotina borealis. Acta Universitatis Ouluensis, Scienti-
ae Rerum Naturalium A 289. 115 p.
Niva (Norwegian Institute for Water Research) 1999. Heavy metal surveys in Nordic lakes; harmo-
nised data for regional assessment of critical limits. Report sno 4039-99.
 Nordic Council Ministers.1992. Atmospheric heavy metal deposition in Northern Europe 1990. Nord
12. 41 p.
114
Nordberg, G.F. 1992. Nordiska expertgruppen för gränsvärdesdokumentation 101. Kadmium. Ar-
bete och Hälsa 26: 1-60.
Nordberg GF, Jin T, Kong Q, Ye T, Cai S, Wang Z et al. Biological monitoring of cadmium exposure
and renal effects in a population group residing in a polluted area in China. Sci Total Environ
1997;199:111-4.
Nogawa K, Kido T, Shaikh ZA. Dose-response relationship for renal dysfunction in a population
environmentally exposed to cadmium. Lyon: International Agency for Research on Cancer (IARC),
1992:311-8. IARC, Scientific publications, no 118.
OECD 1994. Risk Reduction Monograph No. 5: Cadmium, Background and national experience
with reducing risk. OECD/GD (94)97, Environment Directorate, Paris 1994.
Ohmomo, Y., Sumiya, M. 1982. Estimation on Heavy Metal Intake from Agricultural Products. In:
Heavy Metal Pollution in Soils of Japan, Kitagishi, K. (ed.), pp. 236-244.
Oikari, A., Kukkonen, J. and Virtanen, V. 1992. Acute toxicity of chemical to Daphnia magna in
humic waters. Sci. Tot. Environ. 117/118: 367-377.
Pacyna, J.M., Munch, J. and Axenfeld, F. 1991. European inventory of trace metal emissions to the
atmosphere. In: Heavy Metals in the Environment. Eds. Vernet, J.-P. Elsevier. p. 1-20.
Pascoe, D., Evans, S.A. and Woodworth, J. 1986. Heavy metal toxicity to fish and the effect of water
hardness. Arch. Environ. Contam. Toxicol. 15:481-487. (ref. in WHO 1992).
Pascoe, G.A., Blanchet, R.J. and Linder, G. 1994. Bioavailability of metals and arsenic to small mam-
mals at a mining waste-contaminated wetland. Arch. environ. Contam. Toxicol. 27: 44-50. (ref in
ICME 1995).
Penttinen, S., Kukkonen, J. and Oikari, A. 1995: The kinetics of cadmium in Daphnia magna as
affected by humic substances and water hardness. Ecotoxicol. Environ. Saf. 30: 72-76.
Pesch, G.G. and Steward, N.E. 1980. Cadmium toxicity to three species of estuarine invertebrates.
Mar. environ. Res. 3: 145-156. (ref. in WHO 1992).
Pickering, Q.H. and Henderson, C. 1966. The acute toxicity of some heavy metals to different spe-
cies of warm water fishes. Int. J. Air water Pollut. 10: 453-463. (ref. in WHO 1992).
Pickering, Q.H. and Gast, M.H. 1972. Acute and chronic toxicity of cadmium to the fathead minnow
Pimephales promelas. J. Fish Res. Board. Can. 29: 1099-1106. (ref. in WHO 1992).
Pritzl, M.C., Lie, Y.H., Kienholtz, E.W. and Whiteman, C.E. 1974. The effect of dietary cadmium on
development of young chickens. Poult. Sci. 53: 2026-2029. (ref. in WHO 1992).
Prozialek, W.C., Wellington, D.R., Mosher, T.L., Lamar, P.C., and Laddaga, R.A. 1995. The cadmium
induced disruption of tight junctions in LLC-PK1 cells does not result from apoptosis. Life Sciences
57: 199-204.
115
Puustinen, M., Merilä, E., Palko, J. and Seuna, P. 1994. Kuivatustila, viljelykäytäntö ja ve-
sistökuormitukseen vaikuttavat ominaisuudet Suomen pellolla (Abstract: Drainage level, cultivation
practices and factors affecting load on waterways in Finnish farmland). Publications of National
Board of Waters and the Environment - Series A 1994: 319 p.
Rainbow, P.S. 1990. Heavy metal levels in marine invertebrates, in: Heavy metals in marine environment,
R.W. Furness and P.S. Rainbow (eds.), CRC Press, Boca Raton, FL, pp. 67-80. (ref. in  CEPA 1994).
Ramamoorthy, S. and Blumhagen, K. 1984. Uptake of Zn, Cd and Hg by fish in the presence of
competing compartments. Can. J. Aquat. Fish. Sci. 41: 750-756.
Ray, S. McLeese, D. and Pezzack, D. 1980. Accumulation of cadmium by Nereis virens. Arch. envi-
ron. Contam. Toxicol. 9: 1-8. (ref. in WHO 1992).
Riisgard, H.U., Bjornestad, E. and Mohlenberg, F. 1987. Accumulation of cadmium in the mussel
Mytilus edulis: Kinetics and importance of uptake via food and sea water. Mar. Biol. 96: 349-353.
(ref. in WHO 1992).
Roels, H.A., Lauwerys, R.R., Buchet, J.P., Bernard, A.M., Vos, A., Oversteyns, M. 1991. Health
significance of cadmium induced renal dysfunction: a five year follow up. Br. J. Ind. Med. 46: 755-64.
Roels, H., Bernard, A.M., Cardenas, A., Lauwerys, R., Gelpi, A., Rosello, J., Mutti, A., Franchini, I.,
Stolte, H., De Broe, M.E., Nuyts, G.D. & Price, R. 1993. Markers of early renal changes induced by
industrial pollutants. III Application to workers exposed to cadmium. Br. J. Ind. Med.  50: 37-48.
Rombough, P.J. and Garside, E.T. 1982. Cadmium toxicity and accumulation in eggs and alevins of
Atlantic Salmon, Salmo salar. Can. J. Zool. 60: 2006-2014. (ref. in CEPA 1994).
Römkens, P.F.A.M. 2000. Institute for Agrobiology and Soil Fertility Research, Wageningen, Nether-
lands. Private communication to ERM.
Ros, J.P.M. and Slooff, W. (eds.) 1988. Integrated criteria document cadmium. Report nr. 758476004.
National Institute of Public Health and Environmental Protection Bilthoven.
Ruick, G. 1991. Ergebnisse eines Monitoring-Programmes zur ermittlung der Aufnahme von Kupfer,
Blei, Cadmium und Nickel mit Lebensmitteln. Z. Lebensm. Unters. Forsh. 192: 249-251.
Sauerbeck, D.R. 1991. Plant, element and soil properties governing uptake and availability of heavy
metals derived from sewage sludge. Water, Air and Soil Pollution 57-58: 227-237.
Schelenz, R. 1983. Essentielle und Toxische Inhaltstoffe in der Täglichen Gesamtnahrung. Berichte
der Bundesforschungsanstalt für Ernährung, BFE-R--83-2, Karlsruhe.
Staessen, J., Amery, A., Bernard, A., Bruaux, P., Buchet, J.P., Bulpitt, C.J., Claeys, F., De Plaen, P.,
Ducoffre, G., Fagard, R., Lauwerys, R.R., Lijnen, P., Nick, L., Sain-Remy, A., Roels, H., Rondia, D.,
Sartor, F., Thijs, L. 1991. Environmental exposure to cadmium influences calcium metabolism: a
population study. Brit. J. Ind. Med. 45: 710-714.
116
Schmitt, H.W. and Sticher, H. 1991. Heavy metal compounds in the soil. In: Metals and Their Com-
pounds in the Environment - Occurrence, Analysis and Biological Relevance (Merian, E. ed.). VCH,
New York. p. 311-331.
Schmidt, G.H., Ibrahim, N.M. and Abdallah, M.D. 1991. Toxicological studies in the long-term
effects of heavy metals, Hg, Cd, Pb, in soil on the development of Aiolopus thalassinus, Fabr. Salta-
toria: Acrididae. Sci. Tot. Environ. 107: 109-133.
Sharma, R.P. 1981. High blood and urine levels of cadmium in phosphate workers: a preliminary
investigation. Bull. environ. Contam. Toxicol. 27: 806-809.
Sharma, R.P., Kjellström and McKenzie, J.M. 1983. Cadmium in blood and urine among smokers
and non-smokers with high cadmium intake via food. Toxicology  29: 163-171.
Sherlock, J. and Walters, B. 1983. Dietary intake of heavy metals and its estimation. Chem. Ind. 13:
505-508.
Shivaraj, K.M. and Patil, H.S. 1988. Toxicity of cadmium and copper to a freshwater fish Puntius
arulius. Environ. Ecol. 6: 5-8. (ref. in WHO 1992).
Siika-aho, T. 2000. Personel communication. Finnish Environment Institute.
Sillanpää, M. and Jansson, H. 1991. Cadmium and sulphur contents of different plant species grown
side by side. Ann. Agric. Fenn. 30: 407-413.
Sillanpää, M. and Jansson, H. 1992. Status of cadmium, lead, cobalt and selenium in soils and plants
of thirty countries. FAO Soils Bulletin 65. 195 p.
Sippola, J. 2000. Personal communication. Agricultural Research Centre of Finland, Resource Man-
agement Research, FIN-31600 Jokioinen, Finland.
Sippola, J. and Tares, T.  1978. Soluble content of mineral elements in cultivated soils. Acta Agricul-
turea Scandinavica, Suppl. 20: 11-25.
Sippola, J. and Mäkelä-Kurtto, R. 1986. Cadmium in cultivated Finnish soils. Ann. Agric. Fenn. 25:
255-263.
Slooff, W., Canton, J.H. and Hermens, J.L.M. 1983. Comparison of the susceptibility of 22 freshwa-
ter species to 15 chemical compounds. I (Sub)acute toxicity tests. Aquat. Toxicol. 4: 113-128. (ref. in
Krajnc et al. 1987).
Slorach, S., Gustafsson, I.-B., Jorhem, L. and Mattson, P. 1983. Intake of lead, cadmium and certain
other  metals via a typical Swedish weekly diet. Vår Föda, suppl. 1: 3-16.
Spehar, R.L. 1976. Cadmium and zinc toxicity to flagfish, Jordanella floridae. J. Fish. Res. Board.
Can. 33: 1939-1945. (ref. in Krajnc et al. 19879.
Sprague, J.B. 1987. Effects of cadmium on freshwater fish, in: Cadmium in the aquatic environment,
J.B. Sprague (eds.), Wiley and Sons, Toronto, Ont. (ref. CEPA in 1994).
117
Staessen, J., Buchet, J.P., Ginucchio, G., Lauwerys, R., Lijnen, P., Roels, H. and Fagard, R. Public
health implications of environmental exposure to cadmium and lead: an overview of epidemiological
studies in Belgium. Journal of Cardiovascular Risk 3: 26-41.
Staessen, J., Lauwerys, R., Ide, G., Roels, H., Vyncke, G. and Amery, A. 1994. Renal function and
historical environmental cadmium pollution from zinc smelters. Lancet 343: 1523-27.
Statens livsmedelsverk. 1989. Försurningens påverkan på kadmiumupptag i grödan - hälsorisker och
behov av kalkining. En rapport från statens livmedelsverk, lantbruksstyrelsen och Sveriges lantbruk-
suniversitet. Uppsala, Rapport 15, 47 p.
Sullivan, J.F., Murphy, B.R., Atchison, G.J. and McIntosh, A.W. 1978. Time dependant cadmium
uptake by fathead minnows (Pimephales promelas) during field and laboratory exposure. Hydrobio-
logia 57: 65-68. (ref. in WHO 1992).
Syvälahti, J. 1996. Personel communication. Kemira, Kemira Agro Oy.
Syvälahti, J. and Korkman, J. 1978. The effect of applied mineral elements on the mineral content
and yield of cereals and potatoes in Finland. Acta Agric. Scand. Suppl. 20: 80-89.
Tahvonen, R. 1994. Contents of lead and cadmium in foods in Finland. Food Chem, University of
Turku, Department of Biochemistry and Food Chemistry, FIN-20500 Turku. ISBN 952-90-6323-7.
115 p.
Tarvainen, T., Lahermo, P. and Mannio, J. 1997. Sources of trace metals in streams and headwater
lakes in Finland. Water, Air and Soil Pollut. 94: 1-32.
Technical workshop 1996. Biodegradation/persistence and bioaccumulation/biomagnification of metals
and metal compounds. Brussels, Belgium. 48 pp.
Telisman, S., Azaric, J. and Prpic-Majic, D. 1986. Cadmium in blood as on indicator or integrated
exposure to cadmium in the urban population. Bull. environ. Contam. Toxicol. 36: 491-495.
Tennant, C.J. 1991. Potential contribution of dietary sources to urinary cadmium and 2-microglobu-
lin excretion of occupationally exposed workers. J. Occupat. Medic. 33 (11): 1175-1179.
Tjell, J.C. and Hovmand, M.F. 1978. Metal concentrations in Danish arable soils. Acta Agric. Scand.
28: 81-89.
Tjell, J.C., Hansen, J.A., Christensen, T.H., and Hovmand, M.F. 1981. Prediction of cadmium con-
centration in Danish soils. In: Characterization, treatment and use of sewage sludge. Proc. 2nd Comm.
European Communities Workshop, Reidel, Dordrech (Eds. L´HERMITE, P. and Ott, H.). p. 652-664.
Traina, S.J. 1999. The environmental chemistry of cadmium. An overview. Developments in Plant
and Soil Sciences 85: 11-37. (In: Cadmium in Soils and Plants. Eds. McLaughlin, M.J. and Singh, B.R.
Kluwer Academic Publishers. Dordrecht.)
Tsuritani I, Honda R, Ishizaki M, Yamda Y, Kido T, Nogawa K. Impairment of vitamin D metabo-
lism due to environmental cadmium exposure, and possible relevance to sex-related differences in
vulnerability to the bone damage. J Toxicol Environ Health 1992;37:519-33.
118
Turtola, E. and Jaakkola, A. 1986. Viljelykasvin, lannoituksen ja sadetuksen vaikutus kaliumin, kal-
siumin, magnesiumin, natriumin, sulfaattirikin sekä kloridin huutoutumiseen savimaasta. Maata-
louden tutkimuskeskus, Tiedote 17/86. 43 p. ISSN 0359-7652.
US EPA 1991. Sediment toxicity identification evaluation: Phase I (characterization), Phase II (iden-
tification) and Phase III (confirmation) modifications of effluent procedures. US EPA, National Efflu-
ent Toxicity Assessment Center, Duluth, MN. (ref. in ICME 1995).
Uusi-Kämppä, J. 1989. Vesistöjen suojaaminen rantapeltojen valumilta. Maatalouden tutkimuskeskuk-
sen tiedote 10/89. 66 p.
Vahter, M., Berglund, M., Slorach, S., Friberg, L., Saric, M., Xingquan, Z. and Fujita, M. 1991.
Methods for integrated exposure monitoring of lead and cadmium. Environ. Res. 56: 78-89.
Vahter m, Berglund M, Lind B, Jorhem L, Slorach S, Friberg L. Personal monitoring of lead and
cadmium  exposure - a Swedish study with special reference to methodological aspects. Scand J
Work Environ Health 1991; 17:65-74.
Vahter M, Johansson G, Åkesson A, Rahnster B. Feccal elimination of lead and cadmium in subjects
on a mixed and a lactovegetarian diet. Food Chem Toxicol 1992;30:281-7.
Vahter M, Berglund M, Nermell B,  Åkesson A. Bioavailability of cadmium from shellfish and mixed
diet in women. Toxicol Appl Pharmacol 1996; 136:332-41.
Wakefield Z.T. (1980). Distribution of cadmium in phosphate fertilizer processing. Cadmium Semi-
nar. The Fertilizer Institute, Washington, 141-143. (Ref. Johnston and Jones 1996).
van Hattum, B., De Voogt, P., van den Bosch, L., van Straalen, N.M., Joosse, E.N.G. and Govers, H.
1989. Bioaccumulation of cadmium by the freshwater isopod Asellus aquaticus (L.) from aquaeus
and dietary sources. Environ. Pollut. 62: 129-151. (ref. in WHO 1992).
van Leeuwen, , C.J., Luttmer, W.J. & Griffioen, P.S. 1985. The use of cohorts and populations in
chronic toxicity studies with Daphnia magna: A cadmium example. Ecotoxicol. environ.
Saf. 9: 26-39.
van Straalen, N.M. and Denneman, C.A.J. 1989. Ecotoxicological evaluation of soil quality criteria.
Ecotox. environ. Saf. 18: 241-251.
van Straalen, N.M., Schoppen, J.H.M. and De Goede, R.G.M. 1989. Population consequences of
cadmium toxicity in soil microarthropods. Ecotoxicol. environ. Saf. 17: 190-204. (ref. in WHO 1992).
Van Assche, F. and Ciarletta, P. 1993. Environmental Exposure to cadmium in Belgium: Decreasing
trends during the 1980´s. In: Heavy Metals in the Environment (ALLAN, R.J. and Nriagu, J.O., eds.),
Vol. I, CEP Consultants, Edinburgh. p. 34-37.
Varo, P., Nuurtamo, M., Saari, E. and Koivistoinen, P. 1980. Mineral element composition of Finnish
foods. Acta Agric. Scand., Suppl. 22: 27-35.
Weast, R.C. 1986. CRC Handbook of Chemistry and Physics, 1985-1986, CRC Press Inc., Boca
Raton, FL.
119
Venäläinen, E.-R., Kilpi, M., Hirvi, T. ja Hallikainen A. 1999. The effect of chemicals contamination
sources on food control in Finland; a regional comparison of cadmium and lead concentrations in
cattle and swine. Elintarvikevirastontutkimuksia-sarja, 1/1999, 16 p. National Food Administration
in Finland. Helsinki + App.
Wenzel, W.W. 1999. Soil cadmium balances, model assessment and comment on the European Com-
mission, Directorate General III References 5512 and 6252 with emphasis on the Austrian case,
under contract to the Federal Ministry for Environment, Youth and Family. 30 p.
Virtanen, V., Kukkonen, J. and Oikari, A. 1989. Acute toxicity of chemicals to Daphnia magna in
humic waters, in: Nordic Symposium on Organic Environmental Chemicals, Report Series, University
of Joensuu, 29: 84-86.
White, D.H., Findlay, M.T. and Farrell, J.F. 1978. Histopathological effects of dietary cadmium on
kidneys and testes of mallard ducks. J. Toxicol. Environ. Health 4: 551-558.
Whittemore, A.S., Diciccio, Y., Provenzano, G. 1991. Urinary cadmium and blood pressure: results
from the NHANES II survey. Environ. Health Pers. 91: 133-140.
WHO 1992. Cadmium - Environmental aspects. Environmental Health Criteria 135. World Health
Organization, Geneva. 156 pp.
WHO 1992. Environmental Health Criteria 134, Cadmium. World Health Organization, Geneva.
280 pp.
Wier, C.F. and Walter, W.M. 1976. Toxicity of cadmium in the freshwater snail, Physa gyrina Say. J.
environ. Qual. 5: 359-362. (ref. in WHO 1992).
Williams, C.H. and David, D.J. 1976. The accumulation in soil of cadmium residues from phosphate
fertilizers and their effect on the cadmium content of plants. Soil Sci. 121 (2): 86-93.
Williams, K.A., Green, D.W.J. and Pascoe, D. 1985. Studies on the acute toxicity of pollutants to
freshwater macroinvertebrates. I. Cadmium. Arch. Hydrobiol. 102: 461-471. (ref. in WHO 1992).
Winner, R.W. 1984. The toxicity and bioaccumulation of cadmium and copper as affected by the
humic acid. Aquat. Toxicol. 8: 149-161.
Wong, P.T.S. 1987. Toxicity of cadmium to freshwater microorganisms, phytoplankton and inverte-
brates, in: Cadmium in the aquatic environment, J. Nriagu and J.B. Sprague (eds.), Wiley and Sons,
Toronto, Ont. (ref. in CEPA 1994).
Youssef, R.A. and Chino, M. 1991. Movement of metals from soil to plant roots. Water, Air and Soil
Pollution 57-58: 249-258.
Yucesoy B, Turhan A, Ure M, Imir T, Karakaya A. Effects of occupational lead and cadmium expo-
sure on some immunoregulatory cytokine levels in man. Toxicology 123 (1997) 143-147.
Zaroogian, G.E. and Cheer, S. 1976. Accumulation of cadmium by the American oyster, Crassostrea
virginica. Nature (Lond.) 261: 408-410. (ref. in WHO 1992).
120
